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Figure 6a




US 10,576,643 B2

Sheet 12 of 27

Mar. 3, 2020

U.S. Patent

gure 6b

i

¥

% ¥
T




U.S. Patent Mar. 3, 2020 Sheet 13 of 27 US 10,576,643 B2

Figure 6¢ Figure 6d




U.S. Patent Mar. 3, 2020 Sheet 14 of 27 US 10,576,643 B2

Figure 6¢ Figure 6f

Figure 6g



U.S. Patent Mar. 3, 2020 Sheet 15 of 27 US 10,576,643 B2

Figure 6h Figure 6i Figure 6§




US 10,576,643 B2

Sheet 16 of 27

Mar. 3, 2020

U.S. Patent

6m

igure

F

i

gure &

Fi

gure 6k

i

I

<




U.S. Patent

Fig.
Ta

Mar. 3, 2020

Sheet 17 of 27

US 10,576,643 B2

a)
& N § Fig.
= 7b
e
&
s
o
]
et
&
2 "
-RE
B 00 0.2 04 68 08 14 W a8 02 04 08 08 1D
curvature K {cm) curvature K {cm™)
c) d) sz, o Fig.
—— N . X -
c ¢ 7
e ) Mo § 13034 §
8 © N @ 4500 P
& 13504 @‘ s & 1520 n
ERAE N
Rt B 8 1as0 o
12007 ¢ Bassed 1
B 1oy - @ 180] >
a1 71 T U ———— S —
60 02 04 06 08 14 B0 02 04 06 08 1D
curvature K (cm™) curvature K {(cm™)
O8
e)
. 640] .
§ 2:3 Y before
= @ N i
@ 5204 . hammering
g 480 p
8 40 i N .
Py Sfter fory Rarranad
) 4004 §§ Q SEEAATE DANTE YTSDERATINRSY
wa- i Ao .
@ 60, § e ey
= 320 — S—
00 02 04 08 08 10

curvature K (cm™)



US 10,576,643 B2

Sheet 18 of 27

Mar. 3, 2020

U.S. Patent

By JANTLY

[OULIBLD
58040

. uote?)
 opung

| 508
Byl

o
aseaib peppaquis Uug
Q7 UOHIOsUU0D xumm@

AHHAEHERE A A

s

MIp do]
101Ny PalRyuIun




U.S. Patent Mar. 3, 2020 Sheet 19 of 27 US 10,576,643 B2

Alrinlet line

gure 8b

i

801’

Inflated Actuator

803

grease channel




U.S. Patent Mar. 3, 2020 Sheet 20 of 27 US 10,576,643 B2




U.S. Patent Mar. 3, 2020 Sheet 21 of 27 US 10,576,643 B2

§§g§.ﬁ ve Rd

.

b




U.S. Patent Mar. 3, 2020 Sheet 22 of 27 US 10,576,643 B2

Figure 9

Soft gripper with
integrated force sensors

L

901
N\

905

908



U.S. Patent Mar. 3, 2020 Sheet 23 of 27 US 10,576,643 B2

Figure 10

1003

Reloxed Stote
o e e S e < \
& ‘ ! |
| ‘ o !
""‘K““ N i ,

Activoted Stote

1005



U.S. Patent Mar. 3, 2020 Sheet 24 of 27 US 10,576,643 B2

Figure 1

1101

Sending
Sctuatar
Relaxed

-Bending
1 Actuator
\ Activated




U.S. Patent Mar. 3, 2020 Sheet 25 of 27 US 10,576,643 B2

Figure 12

1203
thermal sensors

7N




U.S. Patent Mar. 3, 2020 Sheet 26 of 27 US 10,576,643 B2

Figure 13

Step 1301 The sensor senses a physical,
chemical, or electronic property
related to the state of the soft
robot and generates a signal.

l

Step 1302 | The signal is transmitted to the
processor, through wires or wirelessly.

l

The processor receives and interprets
the signal to obtain information about
the state of the soft robot.

l

The controller system receives the
information about the state of the soft
Step 1304 | b0t and, if needed, alters the state
of the soft robot.

Step 1303
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1
SENSORS FOR SOFT ROBOTS AND SOFT
ACTUATORS

INCORPORATION BY REFERENCE

All patents, patent applications and publications cited
herein are hereby incorporated by reference in their entirety.
The disclosures of these publications in their entireties are
hereby incorporated by reference into this application in
order to more fully describe the state of the art as known to
those skilled therein as of the date of the invention described
herein.

RELATED APPLICATION

This Application is a national Stage Entry of PCT Inter-
national Application No. PCT/US2015/046350 filed Aug.
21, 2015, which claims the benefit and priority to U.S.
Provisional application 62/040,905, filed Aug. 22, 2014, and
to U.S. Provisional application 62/102,363, filed Jan. 12,
2015, the contents of which are hereby incorporated by
reference in their entirety.

GOVERNMENT RIGHTS

This invention was made with government support under
grants W911NF-11-1-0094 awarded by Defense Advanced
Research Projects Agency (DARPA) and DMR-0820484
awarded by National Science Foundation (NSF). The U.S.
government has certain rights in the invention.

TECHNICAL FIELD

This technology relates generally to soft robots or soft
actuators that integrate sensors.

BACKGROUND

Soft devices are machines built from soft materials (e.g.,
elastomers, gels, liquids). These soft devices are useful for
their ability to change their size and shape readily upon
electrical, chemical, pneumatic, ferrofluidic, or hydraulic
actuation. In addition, the low stiffness of the elastomeric
materials used to construct these devices (Young’s modulus
<10 MPa) enables them to deform readily in response to
external forces. These attributes allow soft devices to per-
form functions that are challenging for hard machines.
Examples include interacting with delicate, soft materials
(e.g., biological tissues), and performing unstructured tasks
(e.g., gripping objects of undefined shape). Machines,
whether they are hard or soft, typically require the integra-
tion of electrical components (e.g. motors, sensors, micro-
controllers, displays, pumps, batteries, etc.) in order to
perform sophisticated tasks. These devices must be con-
trolled in order to create an autonomous or semi-autono-
mous soft robotic system.

Knowing the morphology of a soft actuator is important
for making a control system for a soft robot. This is because,
unlike a hard robot, a soft robot can change volume and
shape based on pneumatic or hydraulic inflation pressure or
by forces in the external environment. In addition, unlike a
hard robot, the response of the soft material of the actuator
to force, whether external or internal, is highly non-linear
making calculations that predict the behavior of the actuator
in response to force very complex and difficult.

Having to know the morphology of the robot is an
emergent problem that was not as prominent in the world of
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conventional hard robots. In a hard robot, force from the
external environment generates a simpler outcome. For
example, force applied to a hard robotic arm will move the
arm a fixed distance that is easy to calculate since the robot
is made from a series of hard components and linkages that
do not deform during standard operation. In contrast, when
force from the external environment is applied to a soft
robotic arm, one gets a very complex outcome since the soft
arm will both move and deform.

Additionally, the stiffness of the elastomer that makes up
the actuator may change during actuation. For example, if
the inflation pressure is at 30% of the max inflation pressure
of an actuator, the elastomer is in a low strain state where the
elastomer has stiffness “A”; and when the inflation pressure
is at 80% of the max inflation pressure, the elastomer is in
a higher strain state with a different stiffness “B”. As a result,
a different amount of force is required to achieve each
increment of actuation.

Due to the intrinsic properties of elastomers, the stress vs.
strain profile can be different for extension and relaxation.
Elastomers show a high degree of hysteresis during cycles of
loading and unloading. This discrepancy between the load-
ing and unloading profile will change depending on how fast
one cycles between the two. So as a result the system has
memory. This aspect of elastomers will make soft actuators
difficult to control using just the knowledge of the inflation
pressure of the actuator. See, also, http://www.s-cool.co.uk/
a-level/physics/stress-and-strain/revise-it/stress-strain-
graphs.

SUMMARY

In one aspect, soft robotic devices with integrated sensors
that provide information about the state of the robot and/or
its environment are presented.

In one aspect, a soft robotic device with a sensor or a
network of sensors is described. In certain embodiments, the
sensor(s) are used for the determination of the position,
morphology, and/or physical state at points along the soft
actuator or soft robot. The sensors may include electronic,
mechanical, optical, ultrasound, piezzo-electrical, or mag-
netic sensors. The use of the sensor or network of sensors
will allow for a real time observation of the soft robotic
device’s current state, for example its three-dimensional
position in space, velocity, acceleration as well as sensing/
perception of information about its environment, e.g., tem-
perature, presence of a certain chemical or biological agent.
The feedback from the sensors can serve as inputs to a
control system that determines the subsequent actions of the
soft robotic device.

Thus, in certain embodiments, the instantly disclosed
systems and methods to control an actuator based on data
relating to the soft actuator’s state.

In one aspect, a soft robotic device is described, includ-
ing:

an elastomeric body having one chamber or a plurality of

interconnected chambers disposed within the body and
a pressurizing inlet that is configured to receive fluid
for the chamber or the plurality of interconnected
chambers; and

at least one sensor configured to generate a readout

correlating with the state of the soft robotic device.

In any of the embodiments described herein, the state of
the soft robotic device is one or more variables selected from
the group consisting of the soft robotic device’s position, the
soft robotic device’s orientation, the soft robotic device’s
velocity, the soft robotic device’s acceleration, the elapsed
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time since the soft robotic device is last actuated, the
maximum pressure of the pressurizing fluid used during the
soft robotic device’s last actuation, the volume of pressur-
izing fluid in the soft robotic device, the surface curvature of
the elastomeric body, material stress or strain at points along
the elastomeric body, material strain at points along the
elastomeric body, the force being applied by the soft robotic
device on an object, the soft robotic device’s temperature,
the pressure inside and outside the soft robotic device, and
the pressure differential between the pressurizing fluid inside
chamber and the ambient pressure in the soft robotic
device’s external environment.

In any of the embodiments described herein, the sensor is
configured to detect a physical, chemical, or electronic
signal.

In any of the embodiments described herein, the sensor is
embedded in or attached to the elastomeric body.

In any of the embodiments described herein, the pressur-
izing inlet is configured to receive fluid from an external
fluid source.

In any of the embodiments described herein, the soft
robotic device further comprises a strain limited layer dis-
posed along one side of the elastomeric body; and wherein
the sensor is embedded in or attached to the strain limited
layer.

In any of the embodiments described herein, the soft
robotic device comprises one or more sensors embedded in
or attached to the strain limited layer and one or more other
sensors embedded in or attached to the elastomeric body.

In any of the embodiments described herein, the strain
limited layer is stiffer or less stretchable than the elastomeric
body.

In any of the embodiments described herein, the sensor is
selected from the group consisting of thermal sensors, strain
sensors, stress sensors, volumetric sensor, torque sensors,
shear sensors, chemical sensors, biological sensors, neural
sensors, pressure sensors, barometric pressure sensors,
vacuum sensors, altimeters, conductivity sensors, imped-
ance sensors, inertial measurement units, force sensing
resistors, laser range finders, acoustic range finders, magne-
tometers, Hall Effect sensors, magneto-diodes, magneto-
transistors, MEMS magnetic field sensors, microphones,
photo detectors, accelerometers, gyroscope sensors, flow
sensors, humidity sensors, chemiresistors, volatile organic
compound sensors, heavy metal sensors, pH sensors, sedi-
mentation sensors, cardiac ablation sensors, myoelectric
sensors, electronic noses, gas sensors, OXygen sensors, nitro-
gen sensors, natural gas sensors, VX gas sensors, sarin gas
sensors, mustard gas sensors, explosives detectors, metal
detectors, radiological detectors, voltage sensors, and cur-
rent sensors.

In any of the embodiments described herein, the sensor is
selected from the group consisting of volumetric, positional,
strain, flow, Inertial Measurement Unit (IMU), temperature,
and magnetic sensors.

In any of the embodiments described herein, the soft
robotic device comprises at least two different sensors.

In any of the embodiments described herein, the soft
robotic device comprises a network of sensors distributed in
the soft robotic device.

In any of the embodiments described herein, the sensor is
non-stretchable or stretchable.

In any of the embodiments described herein, one of the
sensors is a microelectromechanical system (MEMS) sen-
sor, a pressure sensor, a force sensor, or an Inertial Mea-
surement Unit (IMU).
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In any of the embodiments described herein, the soft
robotic device is a gripper or a robotic hand.

In any of the embodiments described herein, the gripper
comprises sensors configured to perform grasp detection or
configured to control the force the gripper applies to the
object it is grasping.

In any of the embodiments described herein, the soft
robotic device is an end-of-arm tool for a robotic arm, delta
robot, scara robot, gantry system or a mobile robotic plat-
form.

In another aspect, a soft robotic system is described,
including:

the soft robotic device of any one of the embodiments

described herein; and

at least one of a processor operably linked to the sensor to

receive a readout from the sensor and interpret the
readout; and

a control system configured to control the movement of

the soft robot based on the readout generated by the one
or more sensors or the processor’s interpretation of the
readout.

In any of the embodiments described herein, the processor
comprises a magnetic motion capture system and the one or
more sensors comprise a network of electromagnetic sensors
to act as active markers for the magnetic motion capture
system for use as a data input for the processor to conduct
a finite element analysis or to fit a reduced system model for
the soft robotic device.

In any of the embodiments described herein, the one or
more sensors comprise a network of strain sensors, accel-
erometers, magnetometers, gyroscopes, torque sensors,
shear sensors, force sensors, or Inertial Measurement Unit
(IMU) sensor packages.

In any of the embodiments described herein, the processor
is configured to conduct a finite element analysis or to fit a
reduced system model based on the sensor readout.

In any of the embodiments described herein, the one or
more sensors comprise a pressure sensor, a flow sensor, a
volumetric sensor, or a network thereof.

In any of the embodiments described herein, the processor
is configured to conduct a finite element analysis or to fit a
reduced system model based on the readout from the pres-
sure sensors.

In any of the embodiments described herein, the soft
robotic system further includes:

instructions embedded in the processor to instruct the

control system to begin a corrective action if the
pressure sensor generates a pressure readout over a
threshold value; or

instructions embedded in the processor to instruct the

control system to begin a corrective action if the flow
sensor generates a flow rate readout over a threshold
value; or

instructions embedded in the processor to instruct the

control system to begin a corrective action if the
volumetric sensor generates a fluid volume inside the
chamber to be over a threshold value.

In any of the embodiments described herein, the sensor is
a force sensor and the soft robotic system further comprises
instructions embedded in the processor to instruct the con-
trol system to begin a corrective action once the force sensor
detect a force readout over a threshold value.

In any of the embodiments described herein, the force
sensor is attached to the surface of the elastomeric body and
the processor is configured to interpret the force sensor’s
readout to determine the elastomeric body’s morphology.
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In any of the embodiments described herein, the processor
is configured to determine the soft robotic device’s mor-
phology based on the force sensor’s readout in conjunction
with the inflation pressure and the volume of fluid received
by the chamber or the plurality of interconnected chambers.
In any of the embodiments described herein, the sensor is
an Inertial Measurement Unit (IMU); and/or wherein the
control system uses the sensor’s readout or the processor’s
interpretation of the readout to control the actions of the soft
robotic device.
In any of the embodiments described herein, the processor
is configured to conduct a finite element analysis or to fit a
reduced system model for the soft robotic device based on
the sensor’s readout, or to estimate the size and/or shape of
an object in contact with the soft robotic device based on the
sensor’s readout.
In any of the embodiments described herein, the control
system controls the soft robotic device to carry out a range
of motions, or limit a range of motions.
In any of the embodiments described herein, the soft
robotic system is a surgical device selected from the group
consisting of retractors, stents, endoscopes, arthroscopes,
and laparoscopic instruments.
In any of the embodiments described herein, the one or
more sensors comprises a temperature sensor to monitor
changes in the operation temperature of the soft robot; and
the control system is configured to control the fluid inlet’s
pressure in response to changes in temperature based on the
temperature sensor’s readout.
In any of the embodiments described herein, the one or
more sensors comprises a flow sensor to monitor changes in
the operation flow rate or pressure of the pressurized fluid
through the fluid inlet; and the control system is configured
to control the flow rate of the pressurized fluid based on the
readout of the flow sensor.
In any of the embodiments described herein, the processor
is configured to interpret the readout from the sensors to
perform real time measurement of the soft robotic device’s
morphology and to send instructions to the control system to
compensate for hysteresis.
In yet another aspect, a method for sensing the state of the
soft robotic device of any embodiments described herein is
disclosed, including obtaining readout from the one or more
sensors transmitted to the processor; and determining a state
of the soft robotic device.
In any of the embodiments described herein, the method
further includes conducting a finite element analysis or to fit
a reduced system model based on the readout from the
pressure sensors using the processor.
In any of the embodiments described herein, the sensor is
a flow, pressure, IMU, volumetric, or force sensor, and the
method further includes:
instructing the control system to begin a corrective action
if the pressure sensor generates a pressure readout over
a threshold value; or

instructing the control system to begin a corrective action
if the flow sensor generates a flow rate readout over a
threshold value; or
instructing the control system to begin a corrective action
if the volumetric sensor generates a fluid volume inside
the chamber to be over a threshold value; or

instructing the control system to begin a corrective action
once the force sensor detect a force readout over a
threshold value; or

interpreting the force sensor’s readout to determine the

elastomeric body’s morphology; or
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conducting a finite element analysis or to fit a reduced
system model for the soft robotic device based on the
sensor’s readout; or

estimating the size and/or shape of an object in contact

with the soft robotic device based on the sensor’s
readout; or

interpreting the readout from the sensors to perform real

time measurement of the soft robotic device’s morphol-
ogy and sending instructions to the control system to
compensate for hysteresis.

In yet another aspect, a method for sensing the state of the
soft robotic system of any embodiments described herein is
disclosed, including obtaining readout from the one or more
sensors; optionally interpreting the readout by using the
processor; and controlling the actuation and/or movement of
the soft robot based on the readout.

As used herein, the term “soft robotic device” refers to a
soft robot or a soft actuator. As used herein, the term “strain
limited layer” and “strain limiting layer” are used inter-
changeably. Strain is a description of deformation in terms
of relative displacement of a body. A deformation results
from a stress induced by applied forces, in the case here, for
example, by the pressurizing force. Because materials of
lower stiffness or smaller elastic modulus will deform to a
greater degree than the higher elastic modulus materials, the
low stiffness materials experience more strain or deforma-
tion. As a result, the strain in the material of higher stiffness
or greater elastic modulus is smaller or “limited.” As used
herein, the layer or wall or portion thereof the soft robot that
extends, bends, expands or unfolds at lower threshold force
is the ‘extensible’ or ‘low strain’ member. The layer or wall
or portion thereof the soft robot that extends, bends, expands
or unfolds at higher threshold force is referred herein to the
“strain limited” layer or wall or membrane.

In certain embodiments, the term “strain limiting layer”
refers to a layer which is stiffer or less stretchable than the
elastomeric body and is attached or secured to the elasto-
meric body. In one or more embodiments, the strain limited
layer is more than about 10%, 20%, >50%, >100%, or
>500% stiffer than the elastomeric body.

As used herein, the term “state” of the soft robot refers to
the general operation status of the soft robot. The state of a
soft robot or its system is described by a set of state
variables. The state variables of a system are any set of
measurable quantities that together provide enough infor-
mation about the system to describe the present and/or future
behavior of a robot and what the user wished to observe set
of variables as sufficient is that behavior of the system
measurable quantity or set of measurable quantities the user
desires to observe. A sufficient set of state variables can
consist of a single measurable quantity or a set of measur-
able quantities depending on the system and what the user
wishes to observe. The criteria for defining a set of state
variables as sufficient is that the set provides enough infor-
mation to accurately predict or approximate the present
and/or future behavior of a measurable quantity or set of
measurable quantities the user desires to observe. Non-
limiting examples of state variables for a soft robot include
the robot’s position, the robot’s orientation, the robot’s
velocity, the robot’s acceleration, the elapsed time since the
robot was last actuated, the maximum pressure of the
pressurizing fluid used during the robots last actuation, the
volume of pressurizing fluid in an actuator, the surface
curvature of an actuator, material stress at points along the
body of the robot, material strain at points along the body of
the robot, the force being applied by the robot on an object,
the robots temperature, the pressure inside of an actuator, the
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pressure outside of an actuator, the pressure differential
between the pressurizing fluid inside of an actuator and the
ambient pressure in the actuators external environment.

BRIEF DESCRIPTION OF THE FIGURES

The following images also describe details for multiple
applications and features that can be incorporated into a soft
robot or soft actuator according to one or more embodi-
ments. The invention is described with reference to the
following figures, which are presented for the purpose of
illustration only and are not intended to be limiting. In the
Drawings:

FIG. 1a shows point sensors sensing position/morphol-
ogy/stress/strain state changes; and FIG. 15 shows strain
sensors sensing position/morphology/stress/strain state
changes according to one or more embodiments.

FIG. 2a illustrates a large strain sensor that spans the
entire actuator; FIG. 25 illustrates an array of local strain
sensors working together; and FIG. 2¢ shows a network of
hard strain sensors on strain isolating layers with serpentine
connecting wires according to according to one or more
embodiments.

FIG. 3a shows a network of electro-magnets attached to
a soft actuator; and FIG. 35 shows the pulse sequence for the
electromagnets firing in series to provide differentiation of
the spatial origin of each signal according to according to
one or more embodiments.

FIG. 4a shows an internal pressure sensing network for a
soft actuator in the unactuated state; and FIG. 45 shows an
internal pressure sensing network for a soft actuator in the
actuated state according to according to one or more
embodiments.

FIG. 5a shows a sheet of blended polyester/cellulose
paper dressed with adhered aluminum electrodes and sten-
cil-printed c-PDMS sensors to make a paper based flexible
electronic; and FIG. 5b shows that the Ecoflex pneumatic
layer is placed in contact with the flexible electronic which
is soaked with uncured elastomer and finally, the assembly
is thermally cured.

FIG. 6a shows a top-view of a hand-like soft robotic
gripper; FIG. 65 shows a bottom-view of the same device;
FIGS. 6c, 6d, 6e, 6f, 6g shows the actuation of the little
finder, ring finger, middle finger, index finger, thumb, by the
controlled inflation of the different pneumatic channels,
respectively; and FIGS. 64, 6i, 6/, 6k, 6/, 6m shows photo-
graphs of the manipulator picking up an uncooked egg.

FIGS. 7a, 7b, ¢, 7d, and 7e illustrate the dependence of
the electrical resistance of the c-PDMS sensors with the
curvature of the little finger, ring finger, middle finger, index
finger, and thumb, respectively, before and after hitting the
soft actuator ten times with a hammer.

FIG. 8a is an illustration of a soft actuator with an adhered
soft strain sensor made from an elastomer, a carbon grease
resistor, and steel wool electrical leads referred to as
E-flecks; FIG. 86 is an illustration showing the thinning and
elongation of the carbon grease channel upon inflation of the
soft actuator; FIG. 8¢ is a photograph of the soft device in
its uninflated state; and FIG. 84 is a photograph of the soft
device in its inflated state as indicated by the increase in
resistance shown on the screen in the lower right side of the
image.

FIG. 9 is an illustration of a soft gripper with integrated
force sensors according to one or more embodiments.
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FIG. 10 is an illustration of a side view of a gripper with
inertial measurement units (IMUs) that are used to estimate
the state of the gripper according to one or more embodi-
ments.

FIG. 11 presents a perspective view of a soft actuator
device supporting/driving ankle flexion and extension with
IMU/IMU’s according to one or more embodiments.

FIG. 12 is a schematic of a soft robot with a thermal
sensor according to one or more embodiments.

FIG. 13 shows a flow chart of the operation of the soft
robotic system described according to one or more embodi-
ments.

FIG. 14a shows a photograph of a soft robot crawling
under a glass plate; FIG. 145 shows (on the left) an illus-
tration of the pneumatic network on the top layer of the robot
shown in FIG. 144 (on the right) an illustration of the strain
limiting layer on the bottom of the robot shown in FIG. 14q;
and FIG. 14¢ shows an illustration of a distributed network
of sensors on the strain limiting layer of a soft robot.

DETAILED DESCRIPTION

A soft robotic device having one or more sensor(s)
integrated, embedded, attached, or otherwise linked or con-
nected to the soft robotic device is described. In one aspect,
a soft robot is described, including an elastomeric body
having one chamber or a plurality of interconnected cham-
bers disposed within the body, the elastomeric body com-
prising a pressurizing inlet that is configured to receive fluid
into the chamber or the plurality of interconnected chambers
from a fluid source; and optionally a strain limited layer
disposed along the elastomeric body; and at least one sensor.
In certain embodiments, the sensor is configured to detect a
physical, chemical, and/or electronic signal. In certain
embodiments, the one or more sensors are embedded, inte-
grated, attached, or otherwise linked or connected to the
elastomeric body. In certain embodiments, the one or more
sensors are embedded, integrated, attached, or otherwise
linked or connected to the strain limited layer. In still certain
embodiments, one or more sensors are embedded, inte-
grated, attached, or otherwise linked or connected to the
strain limited layer and one or more other sensors is embed-
ded, integrated, attached, or otherwise linked or connected
to the elastomeric body.

In certain embodiments, the sensor is one or more sensors
selected from the group consisting of thermal sensors, strain
sensors, stress sensors, torque sensors, volumetric sensor,
shear sensors, chemical sensors, biological sensors, neural
sensors, pressure sensors, barometric pressure sensors,
vacuum sensors, altimeters, conductivity sensors, imped-
ance sensors, inertial measurement units, force sensing
resistors, laser range finders, acoustic range finders, magne-
tometers, Hall Effect sensors, magneto-diodes, magneto-
transistors, MEMS magnetic field sensors, microphones,
photo detectors, accelerometers, gyroscope sensors, flow
sensors, humidity sensors, chemiresistors, volatile organic
compound sensors, heavy metal sensors, pH sensors, sedi-
mentation sensors, cardiac ablation sensors, myoelectric
sensors, electronic noses, gas sensors, OXygen sensors, nitro-
gen sensors, natural gas sensors, VX gas sensors, sarin gas
sensors, mustard gas sensors, explosives detectors, metal
detectors, radiological detectors, voltage sensors, and cur-
rent sensors.

In certain embodiments, the soft robot described herein
includes more than one type of sensors. In certain embodi-
ments, the soft robot described herein include two or more
types of sensors selected from the group consisting of
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thermal sensors, volumetric sensor, strain sensors, stress
sensors, torque sensors, shear sensors, chemical sensors,
biological sensors, neural sensors, pressure sensors, baro-
metric pressure sensors, vacuum sensors, altimeters, con-
ductivity sensors, impedance sensors, inertial measurement
units, force sensing resistors, laser range finders, acoustic
range finders, magnetometers, Hall Effect sensors, magneto-
diodes, magneto-transistors, MEMS magnetic field sensors,
microphones, photo detectors, accelerometers, gyroscope
sensors, flow sensors, humidity sensors, chemiresistors,
volatile organic compound sensors, heavy metal sensors, pH
sensors, sedimentation sensors, cardiac ablation sensors,
myoelectric sensors, electronic noses, gas sensors, oxygen
sensors, hitrogen sensors, natural gas sensors, VX gas sen-
sors, sarin gas sensors, mustard gas sensors, explosives
detectors, metal detectors, radiological detectors, voltage
sensors, and current sensors. The use of more than one type
of sensors in a soft robot will provide rich information (e.g.,
curvature, position or location) regarding the status of the
soft robot.

In some embodiments, the sensors, sensor networks, or
sensor systems typically are flexible and compliant, and
capable of large deformation of equal or greater range than
the soft actuator itself.

In other embodiments, the sensor includes metallic con-
ductors that are stretchable by patterning them into serpen-
tine or wavy thin sheets of metal, such as those presented in
the work of John Rogers and Sigurd Wagner (See “A shapely
future for circuits”, www.economist.com/node/18304110).

Still in further embodiments, a network of hard sensors
with serpentine connecting wires can be embedded or
attached to the actuator. See, e.g., serpentine wires 1407 in
FIG. 14c¢. By utilizing metallic conductors patterned in
stretchable geometries (e.g., serpentine or wavy patterns),
one can imbed existing hard electronic sensors to and
connect these hard sensors with stretchable metallic con-
ductors, forming an overall compliant sensing network.
Thus, when the soft robot is actuated and in a bent state, the
hard sensors connected by serpentine wires still maintain
their proper functions and provide information on the actua-
tor’s state.

In other embodiments, A non-compliant (inflexible) sen-
sor can be used if its size is relatively small (e.g., less than
100 mm, 50, or 10 mm in its longest dimension). In certain
embodiments, the sensor has a size of less than about 200
mm?, 150 mm?, 100 mm?, 50 mm?, 10 mm?, or 5 mm?®.
Networks of very small sensors and circuits on elastomers
has been described (See “A shapely future for circuits”,
www.economist.com/node/18304110). Hard components
are placed on “strain isolating” islands that form a network
on the surface of the elastomeric device. In this case, when
the system (elastomer+electronics) is elongated, the regions
of elastomer around the strain isolating islands elongate but
the islands themselves only experience a small degree of
strain. As a result the electronics on those islands remain
unharmed. In general if the rigid object embedded in the
elastomer is small enough, one can rely on the fact that the
system will still stretch. In these embodiments, the small
sensors can be embedded or attached to the elastomeric body
and/or the strain limited layer.

In certain embodiments, using this island approach, the
surface of a soft actuator (on the elastomeric body and/or the
strain limited layer) can include small ridged microelectro-
mechanical system (MEMS) sensors (e.g., accelerometers,
magnetometers, gyroscopes) for determining the morphol-
ogy, position, velocity, and acceleration of a soft actuator. In
certain embodiments, using this island approach, the surface
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of a soft actuator (on the elastomeric body and/or the strain
limited layer) can include small ridged microelectrome-
chanical system (MEMS) sensors. In other embodiments,
using this island approach, small ridged microelectrome-
chanical system (MEMS) sensors can be embedded in the
soft actuator.

In one or more embodiments, the sensor is a strain sensor
configured to provide a resistance measurement and resis-
tance is correlated to a curvature, position or location of the
strain limited layer or the elastomeric body. In one or more
embodiments, the strain sensor is configured to provide a
capacitance measurement and capacitance is correlated to a
curvature, position or location of the strain liming layer or
the elastomeric body.

In one or more embodiments, the sensor is a position
sensor configured to provide a position measurement of the
soft robots location in three dimensional space.

In one or more embodiments, the sensor is a pressure
sensor configured to provide a pressure measurement and
the pressure measurement is correlated to a grip strength of
the soft robot.

In one or more embodiments, the sensor is a temperature
sensor. In certain specific embodiments, the temperature
sensor is a thermocouple configured to provide a voltage
measurement and the voltage is correlated to a temperature
of the strain limited layer or the elastomeric body. In other
embodiments, the temperature sensor is a resistance tem-
perature detector, thermistor, or zener diode, and resistance
or voltage is measured for temperature determination. In
certain embodiments, the elastomer’s stiffness as a function
of temperature is known, so one may determine the stiffness
of the elastomer based on the temperature readout and in
turn determine the curvature of the actuator at a known
actuation pressure and temperature using finite element
analysis to achieve a temperature dependent curvature cali-
bration method. In other embodiments, one can inflate the
actuator at different temperatures and measure its curvature
as a function of pressure to develop a calibration method
empirically.

The soft robot can be any robot having an expandable
body that is capable of expansion or collapse on change of
pressure. In some embodiments, the soft body of the soft
robotic device has a pressurizing inlet that is configured to
communicate with a fluid source, an expandable body and a
strain limited layer secured to a portion of the expandable
body. The examples of the actual construction of the soft
robot are non-limiting and the expandable body can be, for
example, made from a plurality of expandable fluidly inter-
connected chambers; where the pressurizing inlet is config-
ured to communicate with the plurality of expandable inter-
connected chambers, or made using one or more elastomeric
chambers configured to expand upon fluidic pressurization
and/or contract upon vacuum actuation. In other embodi-
ments, the expandable body is made from one or more
flexible or extensible chambers configured to unbend or
unfold upon fluidic pressurization. Optionally, the soft body
robotic device further includes a strain limited layer, which
is stiffer or less stretchable than the elastomeric body,
attached to the elastomeric body. In one or more embodi-
ments, the strain limited layer is more than about 10%, 20%,
>50%, >100%, or >500% stiffer than the elastomeric body.
The elastomeric body in the soft body robotic device can be
configured to preferentially expand when the chamber or the
plurality of interconnected chambers are pressurized by the
fluid, causing a bending motion around the strain limiting
layer. In other embodiments, a strain limited layer is
wrapped around the body in a helix to form a twisting
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actuator. See, WO 2012/148472; International Application
No. PCT/US13/28250 filed Feb. 28, 2013; International
Application No. PCT/US13/22593 filed Jan. 22, 2013 and
U.S. Provisional application Ser. No. 61/885,092, filed Oct.
1, 2013, for non-limiting description of soft actuators suit-
able for use in the current invention, the contents of which
are incorporated by reference.

In certain embodiments, the soft robot system further
includes a control system for controlling the motion of the
soft robot based at least in part on data obtained from one or
more sensors.

Sensors for State Estimation of a Soft Actuator or Soft Robot

The sensors for state estimation of a soft actuator is now
described in detail. To control a robot’s actions, a real time
observation of the robot’s current state, for example its 3D
position in space, velocity, and acceleration, can be used as
input to a control system that determines the subsequent
actions of the robot. In addition, recording the state of a
robot as a function of time is useful for analyzing the
behavior of a robot for testing, failure analysis, or as a data
input for developing a reduced physical model for predicting
its actuation behavior. Sensors can be integrated into a soft
actuator or soft robot to determine its physical state. Non
limiting examples of possible readout include the soft
robot’s position, morphology, internal pressure, velocity,
acceleration, and stress/strain states.

In certain embodiments, a soft robot system including the
soft robotic device described herein including a sensor (e.g.,
a position sensor) and a processor is described, wherein the
sensor is operably connected or linked with a processor, (e.g.
a microprocessor), and the processor is configured to receive
and process a readout provided by the sensor using one or
more data analysis/data-fitting methods known in the art to
obtain relevant information of the soft robot’s state or
information about the environment. The processor can be
mounted on the soft robot (“on-board”) or located remotely
(“off-board”). In certain embodiments, the soft robotic sys-
tem further includes a control system configured to receive
the relevant information processed by the processor and to
alter the soft robot’s state (e.g., velocity, acceleration, mor-
phology, actuating state, curvature of the soft body, the force
the soft robot applies on a surface or object) or movement
(e.g., moving direction) based on the information. In other
embodiments, a user may process the readout manually and
instruct the control system to alter the soft robot’s state (e.g.,
velocity, acceleration, morphology, actuating state, curva-
ture of the soft body, the force the soft robot applies on a
surface or object) or movement (e.g., moving direction)
based on the information.

In certain embodiments, the method of data processing by
the processor can include spline functions or other interpo-
lation methods (e.g., Linear interpolation, Cosine interpola-
tion, Cubic interpolation, Hermite interpolation, Nearest-
neighbor interpolation, Inverse distance weighting, etc.).
The density of sensors will determine the precision of the
morphological data. Furthermore, the morphology informa-
tion provides information on the actuators strain state. In
addition, by combining this data with knowledge of the
material properties of the soft actuator or soft robot, a user
or the processor can perform finite element method (FEM)
analysis to determine the strain state of the soft actuator or
soft robot (FIG. 1a).

Position Sensor

In certain embodiments, the sensor is a point position
sensor. Position sensors detect the position of something
which means that they are referenced either to or from some
fixed point or position. These types of sensors provide a
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“positional” feedback. Such sensors measure and report the
physical positions of themselves. Exemplary position sen-
sors include Hall effect sensors, GPS sensors, ultrasonic
range finders, and laser range finders. When these position
sensors are placed at various positions on a soft actuator or
soft robot (e.g., on the strain limited layer, the elastomeric
body, or both), the position and morphology of the soft
device can be determined. Position determination can be
accomplished using conventional methods including spline
functions or other interpolation methods (e.g., Linear inter-
polation, Cosine interpolation, Cubic interpolation, Hermite
interpolation, Nearest-neighbor interpolation, Inverse dis-
tance weighting, etc.).

As shown in FIG. 1a, an uninflated soft robot 105 has a
strain limited layer 111 and an elastomeric body 107 which
contains a plurality of inflatable chambers 113 connected to
an outside fluid source via tube 109. A plurality of point
sensors 101 are attached to the surface 103 of the elasto-
meric body (e.g., a robot arm) 107, e.g., using an adhesive,
or by embedding into the body of the arm. In certain
embodiments, this could be implemented either by inserting
the sensor 101 into the elastomeric body 107 during the
molding process or embedding it in between layers after
molding has been performed. In other embodiments, adding
of an inextensible sensor to the soft robot could be done by
integrating the sensor 101 into the strain-limiting layer 105
that would not stretch when a robot is actuated (not shown).
See, co-pending International application filed on even date
herewith and entitled “Flexible Electronic Strain-limiting
Layer for Soft Actuators,” PCT/US15/46319, for details on
incorporating sensors onto the strain limiting layer. Alter-
natively, if the sensor needs to be added to a soft layer that
expands upon actuation, one can either use soft stretchable
sensors or incorporate small hard sensors that are localized/
attached to strain isolating plastic or silica foil islands that
are connected with lithographically deposed serpentine
shaped gold wires.

When the soft robot is at rest (not actuated), the position
sensors transmit their locations to a processor by wired or
wireless means and the soft robot morphology (shape) may
be determined by a computer/processor as in a straight line
set by the positions sensors (FIG. 1a, middle-upper portion).
This can be done by making a relative distance measure-
ment. In this case there is a reference object or set of
reference objects in the environment or on the robot whose
position or whose positions are known. Next the sensor
measures its distance from the reference object or set of
reference objects. In the case of a Hall effect sensor, one can
measure the distance between the sensor and a magnet (here
the magnet is the reference object). In the case of a laser
range finder, one can measure the time it takes for light to
leave the laser on the laser range finder, hit the surface of an
object being used for the reference position, and return to the
photo detector on the laser range finder. The round trip time
can then be used to determine the relative distance between
the laser range finder which is located on the robot and the
reference object. This measurement could be performed
using a series of reference objects in order to triangulate the
position of the sensor relative to the reference objects.

When the soft robot is actuated (FIG. 1a, bottom portion),
the soft robot bends (105') and position sensors are in
different positions (101"), which information is also trans-
mitted to the processor by wired or wireless means. Thus,
the position of the soft robot can be determined based on the
new positions of the position sensor and the position can be
represented as a curved line set as illustrated in FIG. 1a,
middle-bottom portion.
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Such morphology information can be used as a data input
for a finite element method (FEM) analysis (FIG. 1a, right
portion). Finite element analysis (FEA) is a computerized
method for predicting how a product reacts to real-world
forces, vibration, heat, fluid flow, and other physical effects.
Finite element analysis shows whether a product will break,
wear out, or work the way it was designed. By way of
example, positional data (obtained at different pressures) can
be used in a finite element analysis to model strain experi-
enced during actuation at different pressures.

Non-limiting exemplary applications of the state estima-
tion method mentioned above include: 1) Data analysis after
the fact—obtaining data to verify a FEM simulation of the
part, obtaining data for evaluating the failure modes of the
device, or as a data input for generating a simplified kine-
matic model that could later be used as part of a method for
controlling the actuator in real time; and 2) Real time data
analysis—the data could be used in real time for state
estimation as part of a closed loop control system or it could
be used in real time as part of a failsafe system that can
identify an impending rupture and trigger the system to
bleed pressure from the actuator before a catastrophic fail-
ure.

Strain Sensors

In some embodiments, one or more strain sensors may be
integrated into or linked to a soft actuator to sense its
physical state. Strain sensors don’t report point positions of
a soft actuator, instead, local incremental positional changes
are measured as a function of strain. One can integrate the
strain data provided by the strain sensor to recover positional
information (FIG. 15). FIG. 15 shows strain sensors sensing
position/morphology/stress/strain states changes. As shown
in FIG. 15, an uninflated soft robot 125 has a strain limited
layer 121 and an elastomeric body 127 which contains a
plurality of inflatable chambers 123 connected to an outside
fluid source via tube 129. In this example, the soft actuator
has three strain sensors 121 embedded in the body of the soft
device or attached to the surface of the elastomer body 127.
When the soft robot is not actuated (125), the elastomeric
body 127 will not bend and the strain sensors will provide
a minimal strain reading (or no strain reading) to the
computer which analyzes the strain of the relevant portions
of the soft device (FIG. 15, middle-top portion), which in
turn gives an estimate on the position of the soft device’s
different portions. When the soft robot is actuated (125'), the
elastomeric body 127 will bend and the strain sensors will
experience strain (121') and thus provide higher strain
readings for the computer/microprocessor to estimate the
new position of the relevant portions of the soft device (FIG.
15, middle-bottom portion). Such strain information pro-
vides basis for a finite element method (FEM) analysis (FIG.
15, right portion).

In some embodiments, the strain sensor data sent to a
processor either on the robot or external to the robot that
contains a software package that can correlate the strain data
with the bending, twisting, and/or extending of the actuator.
This can be done by inflating the actuator to different
bending, twisting, and/or extending states and recording the
corresponding strain sensor readings. In this way one can
generate an empirical look up table that provides the rela-
tionship between sensor readings and actuator state. Alter-
natively one can simulate a series of potential actuator states
using a FEM. This simulation will provide a measurement of
the expected strain at the points on the actuator where
sensors have been placed for any given simulated state of the
actuator. This data can then be used to generate a look up
table that provides the relationship between the measured
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strain profile across the body of the actuator and the simu-
lated state of the actuator that contains the same strain
profile. In either case, if the look up table does not contain
a state of the robot that corresponds to the sensor readings,
the software can select a set of states from the table that
contain similar readings to the measured values an perform
an interpolation to estimate the current state of the robot.

In some embodiments, a single property (state variable) of
the soft robot is measured by the sensor and a single degree
of freedom of the soft robot can be controlled based on the
readings of the sensor. For instance, as shown in FIG. 8, an
actuator that has a single degree of freedom, its curvature, is
measured by a large strain sensor that spans the actuator.
This single data input can be used to predict the curvature of
the system since each curvature state will have a unique
sensor reading. Based on this reading, one may apply the
right amount of pressure to get the desired actuator curva-
ture. In other embodiments, a plurality of properties (state
variables) of the soft robot are measured by the sensors and
more than one degree of freedom of the soft robot can be
controlled based on the readings of the sensors.

In certain embodiments, the strain sensor is a large strain
sensor that spans over the entire actuator or a substantial
portion of the length of the actuator, and the scalar output of
the strain sensor is often an average strain. The deformation
state of the actuator can be determined if the physics of the
actuator is already known, and the soft actuator can be
controlled by one degree of freedom (e.g., a single pneu-
matic soft actuator can be controlled by a scalar value of
pressure input). The physics of the actuator can be used to
refer to the relationship between the degree of actuator
actuation and the pressure of the pressurizing fluid.

In this case, the actuator’s positional information can be
predicted by a single strain sensor, assuming the actuator is
functioning normally (FIG. 2a). FIGS. 2a-c¢ shows various
ways to construct a strain sensing network. Specifically, a
large strain sensor 201 that spans over the entire surface of
the elastomer body 207 of the actuator 205 (the strain limited
layer is shown as 203) can be used (FIG. 2a). The sensor will
be stretched (shown as 201') once the actuator is actuated
(shown as 205') and provide a strain reading. In this embodi-
ment, a single strain value is obtained for the entire actuator
which is used to determine the state (e.g., position, bending)
of the soft robot.

Alternatively, an array of local strain sensors, e.g., a
sensor network comprising strain sensor strips, can be
embedded into the actuator. As used herein, network of
sensors refer to the application of more than one sensor.
These strain sensors may be designed to work together to
provide strain readings on multiple locations of the actuator
when the actuator is inflated to a new configuration (FIG.
2b). FIG. 2b shows a soft actuator 215 having a plurality of
strain sensor 211 (with similar configuration to FIG. 15). The
sensors will be stretched (shown as 211') once the actuator
is actuated (shown as 215') and provide a strain reading. In
the case of small strain sensors that only sense local strain,
each strain sensor only provides information on the defor-
mation of a single point, and as a result a plurality of strain
sensors are needed to achieve spatial strain information for
a hole actuator or robot, especially with help from an
interpolation method. The methods for interpolation are the
same as mentioned for point sensors. In this configuration,
the sensing network has more degrees of freedom (equal to
the number of strain sensors imbedded in the soft actuator or
robot). If the sensing degrees of freedom are greater than the
degrees of freedom in the actuator or robot, the sensing
network will have the capability to predict if the actuator or
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robot is functioning normally and use this data to guide its
actions (FIG. 2b). Similar to point sensors, a user or a
processor can process the readout from the sensor to deter-
mine the strain state of the soft actuator given the material
properties of the soft actuator and the strain data from the
strain sensors. Thus, one can collect the stress vs strain
profile for a test sample of elastomer. The resulting data set
can be used to create a look up table that correlates the
relationship between the measured strain at a point on the
actuator and the corresponding material stress at that point
on the actuator.

There are a few stretchable soft sensors and sensor
networks capable of large deformation. Embedding layers of
ionic gel conductors, conductive greases, or eGalns into the
elastomer can work for this purpose. With soft conductors
capable of large deformation, one can make capacitive soft
strain sensors by sandwiching an isolating layer of elastomer
between layers of the elastomeric or liquid conductor.
Exemplary stretchable soft sensors are described in Zhigang
Suo et al.,, described in Science 341, 984-987 (2013).

Still in further embodiments, a network of hard strain
sensors 221 with serpentine connecting wires 222 can be
embedded or attached to the actuator 225 (FIG. 2¢). By
utilizing metallic conductors patterned in stretchable geom-
etries (e.g., serpentine or wavy patterns), one can imbed
existing hard electronic strain sensors to sense small local
strains, and connect these hard sensors with these stretchable
metallic conductors, forming an overall compliant strain
sensing network (FIG. 2¢). Thus, when the soft robot is
actuated and in a bended stated (225"), the hard strain sensors
221' connected by serpentine wires 222' still maintain their
proper functions and provide information on the actuator’s
state. One example is a “foil type” strain gauge, which
typically consists of a pattern of resistive foil mounted on a
backing material. The strain gauge operates on the principle
that as the foil is subjected to stress, the resistance of the foil
changes in a known way.

In other embodiments, the soft strain sensors are made by
using embedded channels filled with conductive liquids
(such as liquid metal eutectic gallium-indium (eGaln) as,
ionic liquids or carbon greases) into an elastomer. The
fluidic channels change shape when the sensor is under
strain, thus deforming the conductive liquid within. Due to
a constant resistivity of the conductive liquid, the resistance
of the liquid filled channel will change as the shape of the
channel is altered, producing a signal. These are not the only
possible ways to make a soft strain sensor or stretchable
sensor network. Any stretchable strain sensor or stretchable
sensor network capable of large deformation can serve as a
strain sensing system for a soft actuator.

In other embodiments, different types of strain sensors,
sensor networks, or sensor systems may be used in the strain
limited layer of a soft actuator. Because the strain limited
layer undergoes limited deformation during actuation, the
suitable sensors used may be more rigid and less flexible. In
these embodiments, the sensor(s) can be embedded or inte-
grated in the strain limited layer or attached or linked to the
strain limited layer. As described herein, in one or more
embodiments, the strain limited layer is stiffer or less
stretchable than the elastomeric body and more than about
10%, 20%, >50%, >100%, or >500% stiffer than the elas-
tomeric body.

Magnetic Sensors

Sensors that detect the physical state of a soft actuator are
not limited to point position sensors and strain sensors. In
other embodiments, other sensors can serve as physical state
indicators for soft actuators that can be either discretely
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embedded/attached that interact with each other, or continu-
ously embedded/attached that are able to deform (such as
soft strain sensors). In one embodiment, magnetic sensors
are used in conjunction with multiple electro-magnets,
which act as active markers and are imbedded in the soft
actuator in tandem (FIGS. 3a-b). In certain embodiments,
the system is split in that the magnets could be on the
actuator and the magnetic sensors could be in the surround-
ing environment or vice versa. For a magnetic sensing
system one could calculate the position and orientation of a
magnetic marker by measuring the relative magnetic flux
through a collection of field coils in the surrounding envi-
ronment. In certain embodiments, these coils could also be
in the actuator along with the magnets. The relative intensity
of the voltage or current of the coils could allow such a
system to calculate both the position and orientation of the
magnetic marker. Also, each electromagnetic markers
placed on the soft actuator could be designed to emit
magnetic pulses. As a result if the magnetic markers along
the body of a soft actuator emitted there magnetic pulses in
a timed sequence it would be possible for the magnetic
sensing system to distinguish between markers and therefore
assign each signal in the sequence to points along the
actuator.

FIGS. 3a-b shows a magnetic sensing network for soft
actuators. Thus, as shown in FIG. 3a, a soft robot 301 has
three magnetic sensors (300A, 300B, and 300C) attached to
its surface. During actuation, the soft robot is in a bended
state (301") and the magnetic sensors are in different loca-
tions (shown as 300A', 300B', and 300C"). The magnetic
field readings of these magnetic sensors will be recorded by
a receiver and transmitted to and analyzed by a computer/
processor (FIG. 3a). Alternatively if each sensor of 300A,
300B, and 300C along the body of the soft actuator 301
emitted a magnetic pulse at a unique frequency it would be
possible for a magnetic sensing system or a processor to
measure the signals from all of the sensors simultaneously
by performing a Fourier transform on the time dependent
signal measured by the network of field coils (FIG. 35). In
either case the sensors could be connected to a computer/
processor through a receiver that converts this data into a
real time position and morphology map of the actuator in the
three dimensional space. Since each emitter emits a signal at
a different frequency the resulting time dependent field
measurement is a complicated signal resulting from the
interference of all of the individual emitter signals. None the
less since a Fourier transform can convert this complex time
dependent signal into a power spectrum plot of the signal it
is easy to distinguish the measured intensity coming from
different emitters on the robot. For a given signal, the power
spectrum gives a plot of the portion of a signal’s power
(energy per unit time) falling within given frequency bins.
Since each frequency corresponds to a specific emitter on
the robot this power spectrum is actually a plot of signal
power for each position on the robot. Next, since the power
for a given position is proportional to the distance between
that positions emitter and the receiver this power spectrum
can be used determine the distance between the receiver and
each emitter on the robot.

Pressure Sensors

Another alternative for determining the state of a soft
actuator or soft robot is to use a network of pressure sensors
that are connected to or embedded in each pneumatic
chamber of a multi-chambered soft robot (FIGS. 4a-b). The
soft actuator 403 has embedded pressure sensors 401 and a
plurality of pneumatic chambers. The sensor 401 may be
embedded in the pneumatic chambers (not shown) and thus
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provide information of the pressures inside the pneumatic
chambers. The sensor may be used to provide information
on the pressures inside the pneumatic chambers when the
soft actuator is unactuated (FIG. 4a, 403); and when the soft
actuator is actuated (shown as 403' in FIG. 45, the sensors
are shown as sensor 401"). In either case, the pressure
readout from the sensors may be linked/fed to a computer
system/processor to correlate the pressure information with
the morphology of the soft actuator (e.g., by using prior
measurements of known simulation data). Thus, by knowing
the pressure of each chamber one can determine the mor-
phology of a soft actuator or soft robot by performing an
FEA analysis or by using an empirically derived look up
table that contains each chambers degree of actuation as a
function of pressure. In some embodiments, the information
obtained by the pressure sensors are further transmitted to a
controller system which is configured to adjust the fluid
inflation pressure based on the readout from the sensor.

One important application for performing real time mea-
surements of a soft device’s morphology is to compensate
for hysteresis in the inflation behavior of the device. For
example when a soft actuator is inflated to a given pressure
Y followed by being inflated to a new pressure X, where
X>Y, and then inflated again to a pressure of Y it is
sometimes observed, depending on conditions, that a larger
degree of actuation occurs on the second inflation to Y. For
systems where this hysteresis effect is prominent, knowing
the pressure supplied to a soft device is insufficient for
determining its morphology. In these cases a network of
sensors or markers (e.g. strain sensors, magnetic markers,
LED markers, etc.) that aid in the measurement of param-
eters that are independent of pressure could be used to
determine the morphology of a soft actuator or robot. Such
a system of sensors could be used to guarantee that the
desired morphology of a soft device is achieved regardless
of the device’s memory of past inflations.

Force Sensors

In some embodiments, the soft robotic device is a soft
gripper. In some embodiments, the soft robotic device, e.g.,
a soft gripper, includes a force sensor used for state estima-
tion of the soft device/robot. As described herein, if a soft
actuator is making contact with an object, knowing the
pressure and the volume of air used to inflate the actuator
may not be enough information to know the actuators
morphology. In this case one could use data on the inflation
pressure and the volume of air used to inflate the actuator in
conjunction with readings from force sensors on the surface
of the actuator to determine the actuators morphology. This
combination of pressure, air flow, and force information will
be important for controlling a soft robotic gripper.

At present it is considered challenging to build a gripper
(or end effector) for the manipulation of delicate objects.
This is in part due to the use in conventional grippers of
materials such as metals and plastics for constructing fin-
gers. These materials are not compliant which results in
minimal contact area between the fingers and the object
being gripped generating points of large force concentration
that can damage the object. One way to circumvent this
problem is to build a highly articulated finger, allowing the
finger to come in conformal contact with an object, and
embedding sensors in the finger so a computer can stop the
finger before one of its hard sections applies excessive force
to an object. Such a strategy is effective but is also prob-
lematic because it also makes the gripper more complicated
and expensive. Soft grippers are better suited for the
manipulation of delicate objects because they are made from
soft materials. Nevertheless under some circumstances even
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a soft gripper could apply excessive force to a delicate
object. As a result it is useful to integrate force sensors into
a soft gripper that could be used in conjunction with a
control system that prevents the application of force to an
object from rising above a set threshold force. In certain
embodiments, the control system is configured to adjust the
fluid inflation pressure, hence the stiffness of the soft body
and the gripping pressure, based on the pressure readout
from the sensor. The sensitivity of the force sensor is
variable and can be designed to detect forces with a range of
magnitude. In certain embodiments, the force data could be
used as part of a feedback system allowing for the creation
of custom gripping profiles for the gripper. The acceptable
force profiles for a wide range of objects are known in the
art for which the same soft gripper could be used to
manipulate multiple kinds of objects. For example, one may
use the soft gripper described herein to manipulate a tomato,
a piece of fish, and a carton of milk for packing a shopping
bag at a grocery store. In surgery, one may use the soft
robotic gripper described herein, e.g., a retractor, to retract
intestines, muscle, and fascia.

FIG. 9 illustrates a soft gripper 901 with integrated force
sensors. The gripper 901 includes a soft elastomeric body
910 containing a plurality of chambers 905 connected to a
fluid source via an inlet 903, a strain limited layer 909, and
two force sensors 909 for sensing the force used to grip a
fragile object 907. In certain embodiments, these force
sensors could be used in conjunction with a motion control-
ler to ensure excessive force is never applied to an object
being gripped thereby preventing damage to the object. For
instance, the controller may be used to control the amount of
the fluid used to inflate the chambers 905 and thereby control
the force used to grip the object.

In other embodiments, the force sensors can be used for
“grasp detection” on the soft robot. Specifically, one or more
force sensors can be included on the fingers of a soft robotic
hand and to tell whether the fingers have come in contact
with the object it is trying to grasp as opposed to just curling
around empty space and therefore grabbing nothing at all.
This type of detection is very important since if one does not
have the object in the grasp, one cannot move forward and
do something with that object.

Several exemplary ways of creating a force sensor for a
soft robot are described below:

1): One may cast a conventional barometric pressure
sensor into the elastomer at the tip of a soft finger. Robert D.
Howe and coworkers showed that a barometric pressure
sensor, which normally measures air pressure, may be made
into an embedded sensor that can measure applied force to
a block of elastomer. See, e.g., “The Feel of MEMS Barom-
eters: Inexpensive and Easily Customized Tactile Array
Sensors,” Robotics & Automation Magazine, IEEE (Vol-
ume: 21, Issue: 3, Page: 89-95, Year 2014). In these embodi-
ments, the sensor can be placed in uncured elastomer and
vacuum degassed so that the air inside the sensor is replaced
with the uncured elastomer. Next the sensor is embedded
into the elastomer on the surface of a soft finger that is meant
to contact objects.

2): One may cast a soft capacitor into the tip of a soft
finger and use this capacitor as an applied pressure sensor.
Soft capacitors have been previously made by Zhigang Suo
at Harvard SEAS, which we mentioned earlier in this filing
in the section on soft strain sensors. The capacitor was made
by sandwiching an isolating layer of elastomer, which acts
as a dielectric layer, between layers of an elastomeric
conductor. In this case instead of using the soft capacitor as
a strain sensor by elongating it we would use it as a pressure
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sensor by compressing it. Compression would thin the
electrically isolating layer of elastomer between the two
layers of the elastomeric conductor there by generating a
measurable change in capacitance.

3): In other embodiments, “Force-Sensing Resistors™ (see
en.wikipedia.org/wiki/Force-sensing_resistor), typically
sold as minimally extensible thin sheet devices, may be
used. One can attach an FSR to the strain limiting layer or
the elastomeric body of a soft actuator. The FSR could be
attached to the strain limiting layer with glue, over-molded
to the strain limiting layer, attached to a fabric (or “engi-
neered textile”) that is then placed on the actuator, or since
the FSR is only minimally extensible it could serve a dual
role as the actuators strain limiting layer and a sensor. As
long as the FSR is located at the neutral bending plain of the
strain limiting layer, the fact that the FSR is only minimally
extensible should not impede the operation of the actuator.
Further details about the integration of flexible electronics
with soft robots are described in U.S. Provisional Applica-
tion 62/040,905, the entire content of which is expressly
uncorrupted by reference.

4): In still other embodiments, a soft force-sensing resis-
tor is described. A fluidic channel filled with a conductive
liquid like carbon grease could be embedded into the tip of
a soft finger and when a point along the channel is com-
pressed the channel will thin in that area creating a change
in the measured end to end resistance of the channel.
Inertial Measurement Units as Sensors

In some embodiments, one or more Inertial Measurement
Units (IMUs) could be used to measure the state of a soft
actuator or soft robot. An IMU is an electronic device, which
uses a combination of accelerometers, gyroscopes & mag-
netometers to predict the location & orientation of the device
in 3D space. In one example, an IMU at or near the tip of an
actuator could provide information about the angle and
orientation of the actuator tip relative to its starting position.
Since the dimensions of the actuator and placement of the
IMU on the device are known (e.g. the distance from the
base to the tip IMU), the state of the actuator could be
inferred from IMU data.

By knowing data such as the initial position, velocity, and
orientation of an IMU, one can use the IMU’s sensor reading
such as its measurements of acceleration, which comes from
the IMUs accelerometer, and its measurements of orienta-
tion, which comes from the IMUs gyroscope, to approxi-
mate its state at some time later. This process is known as
dead-reckoning. It should be noted that due to potential
inaccuracies in the IMUs readings its predictions of the
current state of the IMU will become increasingly inaccurate
as the time since the IMU was in a known state increases. As
a result it is common for systems that use dead-reckoning to
periodically enter a known state to provide a new calibration
point for the dead-reckoning algorithm. In the case of a soft
actuator, one can use the state of the actuator when it is
uninflated as its calibration point and only collect data for
state estimation during a cycle of actuation. This will
dramatically improve the quality of state estimation that can
be accomplished with the IMU.

Thus, as shown in FIG. 10, a soft robotic device, e.g., a
gripper 1001, contains two IMUs 1002 attached to the
surface of the device. In its relaxed unactuated state 1003
(dotted line), the gripper does not make contact with the
object 1009. When the gripper is in its actuated state 1005
(solid line), the body of the gripper moves in the direction
of'the arrows and grip the object 1009. The data from the tip
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IMU when a soft gripper is curled will be very different from
the data from the tip IMU when the soft gripper is in its rest
state (FIG. 10).

The IMU data can also be used to infer information about
the object being grasped or if the actuator is malfunctioning.
For example, an unimpeded soft actuator has a very pre-
dictable motion path for a given input pressure, which the
IMU can record. Deviations from the expected motion path
at given pressures could be used to infer the size/shape of the
object impeding the motion of the actuator and the force that
is being applied to the object. Furthermore, if an unimpeded
actuator produces an unexpected motion path as measured
by the IMU, this would indicate to the controller and
operator that the actuator is malfunctioning.

When an actuator is pressurized in free space there is a
well-known relationship between actuation pressure an
actuator curvature. If an object gets in the way of the path
of the actuator the actuator will not be able to complete its
curving motion and instead will press up against the object
in its path. If one had a gripper with multiple fingers that
could envelope an object and all of those fingers had IMUs
so one could determine the shape of each actuator, one can
treat the collection of IMU position readings as measure-
ments of the outer profile of the object being grasped. If the
IMUs on the actuator show that the actuator is moving
through an irregular path during a cycle of actuation but the
force sensors embedded in the fingers are not measuring a
change in finger force application this would mean that the
change in path is not due to the fingers making contact with
an object. It is more likely that there was a change in the
finger itself and potentially this change could be a sign of
finger failure. For example popped fingers will still actuate
when pressurized but the degree of actuation will be small
relative to an unpoped finger. As a result if one pressurizes
a robotic finger and it is bending to only half of what is
expected, then the finger is either bumping into and object
or it has a pop.

IMU’s have also proven useful for measuring biome-
chanical kinematics without the need for external motion
capture equipment. The combination of IMU’s and soft
actuators could be used in rehabilitative and assistive appli-
cations. For example, as shown in FIG. 11, a soft actuator
1101 applied to a joint such as a knee can be used to carry
out continuous passive motion exercises for someone recov-
ering from joint surgery or from an injury. The actuator 1101
contains a pressurized fluid line 1103 connected to its
chambers, an elastic band 1105, and an IMU 1107. One or
more IMUs 1107 could be placed on or around the joint to
track the motion generated by the soft actuator and the
controller can use this data to set limits on the range of
motion produced for the soft actuator (FIG. 11, with the left
portion of the figure showing the actuator in a relaxed state
1101 and the right portion of the figure showing the actuator
in the actuated state 1101"). It should be noted that the same
concept could be applied to all the joints including ankles,
shoulders, elbows, wrists, fingers, neck, hip, toes, and so
forth. Furthermore, for joints that have multiple degrees of
freedom such as the ankle, hip, shoulder, wrist, multiple
actuators would be required to support these ranges of
motion and this can still be captured by one or more IMU’s.

As used herein, Continuous passive motion (CPM)
devices refer to devices used during the first phase of
rehabilitation following a soft tissue surgical procedure or
trauma. The goals of phase 1 rehabilitation are: control
post-operative pain, reduce inflammation, provide passive
motion in a specific plane of movement, and protect the
healing repair or tissue. CPM is carried out by a CPM
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device, which constantly moves the joint through a con-
trolled range of motion; the exact range is dependent upon
the joint, but in most cases the range of motion is increased
over time.” For a soft robotic CPM device described herein,
one could use soft actuators to perform the job of constantly
moving the joint. Since controlling the range of motion of
the joint during the rehab exercise is crucial, one can use
IMU’s mounted on the robot to track the joint motion to
make sure the soft actuators are not moving the joint outside
of the desired range of motion. Again since IMUs need
periodic recalibration in order to maintain the accuracy of a
dead-reckoning state prediction, one will need to define a
point in the range of motion as the calibration point. To do
this, one can place one IMU on either side of the joint so that
the fully open state or fully closed state of the joint could be
used as the calibration point since it would be easy for a
patient to reproduce these positions and as a result it would
be easy to reproduce the relative distance between the IMUs.
If these joint positions are outside the desired range of
motion for the treatment in question, one could build an
external fixture that would place the joint at a known angle
before each calibration step.

In certain embodiments, a soft robotic system containing
a soft robot including one or more IMUs and a control
system is described. IMU motion data can also be used to
inform the control system when to activate a soft actuator.
This could be useful for patients that are able to initiate a
motion, but struggle to complete the motion task. In this
scenario, the IMU and the controller could detect when a
user reaches the limits of his active range of motion and
command a wearable soft actuated device to provide assis-
tive forces to complete the motion task. Thus, by using the
processor to monitor one or more sensor readout (e.g., the
position of the soft robot), one may estimate or assess the
state of the soft robot.

Temperature Sensors (Thermal Sensors)

In some embodiments, a soft robot or soft actuator with
one or more temperature sensors is described. The tempera-
ture sensor may be embedded in the strain limiting layer or
the pneumatic layer of the soft robot or soft actuator. In other
embodiments, the temperature sensor may be attached to the
surface of the strain limiting layer or the pneumatic layer of
the soft robot or soft actuator. In certain embodiments, the
temperature sensor is included inside the pneumatic layer to
measure the temperature of the gas or fluid inside the
pneumatic layer.

Any temperature sensor known in the art can be used.
Non-limiting examples of temperature sensors include
thermistors, resistive temperature detectors, and thermo-
couples.

The mechanical properties of an elastomeric material,
such as stiffness, are strongly correlated with temperature.
Changes in temperature can reversibly or permanently alter
the physical behavior of soft actuators. A temperature sensor,
embedded in or attached to the soft actuator, can detect
changes in the working temperature of the elastomeric
materials used in the construction of the actuator and a
microprocessor based control system can make adjustments
to the fluid pressures used to actuate the actuator to com-
pensate for the changes in the mechanical properties of the
elastomers. For example since the stiffness of elastomers
change with temperature, a soft actuator will require a
different inflation pressure to achieve a given actuated shape
at different temperatures. In certain embodiments, a control
system is designed to use temperature data in order to assure
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that a soft actuator inflates to the same shape regardless of
its temperature by modulating the actuation pressure as
needed.

In certain embodiments, one may measure the tempera-
ture inside the actuator to determine if the temperature is
outside of the safe working range of the elastomers that
make up the actuator thereby triggering the shutdown of the
robotic system. For example if the temperature of the
actuator goes below a certain threshold (typically below
-100 C for silicones) the elastomer will become embrittled.
As a result inflating the actuator could result in the rupture
of the actuator destroying the robot. Shown in FIG. 12 is a
soft robot 1201 including a plurality of thermal sensors
1203.

Since the surface of a soft actuator strains during actua-
tion the relative distance between sensors will not remain
fixed. This change in the relative distance between sensors
in the network will complicate the determination of the
direction of a signal of interest if one intends to use a method
that relies on analyzing the gradient in signal intensity across
the distributed sensor array. To minimize this issue, in
certain embodiments, a spatially distributed network of
sensors could be applied to the strain limiting layer (e.g.,
embedded in or attached to the surface of the strain limiting
layer) of a soft robot since the strain limiting layer is the
section of the soft robot that experiences the least strain
during actuation.

Volumetric Sensors

In some embodiments, a soft robot or soft actuator with
one or more volumetric sensors is described. The volumetric
sensors may be embedded in the chamber of the soft robot
or soft actuator and are configured to measure the volume of
the fluid flowing into the chamber. In other embodiments,
the soft robot or soft actuator is part of a soft robotic system
which comprises at least one of a processor and a control
system. The processor is configured to receive the data
readout from the volumetric sensor. Based on the interpre-
tation of the readout, the processor may send instructions to
the control system to reduce or stop more volume of the fluid
from going into the chamber. Therefore, the readout from the
volumetric sensor may serve as an indicator for the pres-
surization state of the chamber of the soft robot.

Soft Robot Capable of Gripping (a Soft Hand)

In one or more embodiments, electronic soft robots
capable of actuation can be prepared by using a molding
process. An extensible elastomeric material is cast in a mold
to generate a flexible and stretchable pneumatic, hydraulic,
or vacuum actuated network. The network is backed on one
side with an inextensible or minimally extensible strain
limited layer that incorporates electronic components into
the strain limiting layer. In some embodiments, the strain
limited layer is stiffer or less stretchable than the elastomeric
body and more than 10%, 20%, >50%, >100%, or >500%
stiffer than the elastomeric body or in any range bounded by
any of the values noted herein).

In one or more embodiments, the electronic component
includes a strain sensor that allows monitoring of strain
experienced by the soft robot during actuation. For example,
an electronic soft robot can include a robot having actuators
that mimic the motion of a human hand and the soft robot
can be equipped with strain sensors that measure the cur-
vature of the actuators during actuation.

One promising application of soft robotics is the creation
of a soft robotic hand for the purpose of creating a soft
prosthesis or a hand for a collaborative robot. A soft hand is
integrated with electronic sensors to create a hand that can
sense its interaction with the objects it is gripping.
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FIGS. 5a and 55 illustrate the procedure used to fabricate
the soft, pneumatic hand-gripper with embedded curvature
sensors. Soft lithography was used to fabricate the pneu-
matic actuating layer by casting Ecoflex silicone prepolymer
in a plastic mold generated by three-dimensional printing.
The strain sensor was a piezo-resistive strain sensor on a
sheet of polyester/cellulosic blend paper. The flexible elec-
tronic strain-limiting layer containing the piezo-resistive
sensors was prepared using a three-step process as illustrated
in FIG. 5a4. First, aluminum electrodes were attached to a
sheet of paper with adhesive tape. Next, a stencil mask was
used to print curvature sensors made of a mixture of carbon
black and a polydimethylsiloxane polymer, sylgard 184
(c-PDMS) which were partially overlapping the aluminum
electrodes. The c-PDMS lines were cured at 100° C. for 10
min. Finally, the assembly of the hand actuator was com-
pleted by placing the Ecoflex polymer actuating layer on top
of the paper based flexible electronic strain-limiting layer
using Ecoflex prepolymer to bond the two parts. The entire
paper received a thin coat of Ecoflex silicone prepolymer in
order to transform the paper into an air tight composite.
After curing the ensemble at 60° C. for 1 h, the excess paper
and polymer were trimmed with scissors.

The operation of the hand is shown in FIG. 6a-6m. FIG.
6a is a top-view photograph of the hand-like soft robot
showing the pneumatic networks in the extensible elasto-
meric layer. FIG. 65 is a bottom-view photograph of the
hand-like soft robot showing the strain limited layer with
printed piezo-resistive sensors. The finger actuators can be
operated independently, or in concert, to effect motions
typical of the human hand. FIGS. 6/-6m, for example,
demonstrate the ability of the hand-like soft robot to pick up
a chicken egg.

The piezo-resistive c-PDMS sensors printed on the strain
limiting layer of the gripper allow sensing of the curvature
of each finger during operation. When a finger of the gripper
bends upon pressurization its curvature sensor stretches.
This stretching decreases the connectivity of the sensor’s
percolation network thus increasing its resistance. The paper
in the strain limiting layer is near the neutral plain of
bending (the neutral plane is the surface within a beam
where the material of the beam is not under stress). Since the
sensors are printed above the neutral plane of bending on the
side of the paper that is facing the less extensible layer they
experience extensional force during actuation. If they were
printed on the opposite side the sensors would experience
compressive force during actuation causing the resistance of
the sensor to go down. After releasing the pressure of the
pneumatic channels the c-PDMS sensors fully recover their
original shape and electric resistance. The resistance of the
strain sensors can be monitored and correlated to the amount
of curvature experienced by each finger actuator. Each of the
finger actuators can be monitored separately. FIGS. 7a-7e
are resistance vs. curvature plots (plotted with square data
points) for each of the finger actuators of the hand-like soft
actuator. This is an example of an electronic component on
a strain limited layer that is capable of withstanding mod-
erate strains. Indeed, the moderate strain is used for its
sensing capability.

An attribute of the electronic soft robots is that the
electronic circuitry can be robust and resistant to malfunc-
tion when strained or crushed. This feature is attractive in
many applications, where the robot is intended to operate
under hazardous conditions or in situations without direct
human supervision. FIGS. 7a-7e show the performance of
the flexible electronic is unaltered following repeated
impacts with a hammer (data plotted with circle data points).
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As aresult, these flexible electronics can survive some of the
demanding environments in which soft actuators will be
used.

In some embodiments, the sensor itself is flexible and
stretchable (“soft”) and thus can bend and stretch as the soft
robot bends and still maintain its proper sensing function
within the soft robotic device’s actuation range. In certain
embodiments, a soft actuator with adhered soft strain sensor
is described with reference to FIGS. 8a-d. FIG. 8a illustrates
a soft actuator with an adhered soft strain sensor made from
an elastomer, a carbon grease resistor, and steel wool elec-
trical leads referred to here as E-flecks. The top portion of
FIG. 8a shows a soft actuator 801 with an air inlet line 802
and a soft strain sensor 803 attached to the top surface of the
elastomeric body of the soft robot. The bottom portion of
FIG. 8b shows the side view of the same actuator 801,
including an enlarged portion of the sensor 803, made from
an elastomer encapsulated carbon grease resistor 805, and
steel wool electrical leads referred to here as E-flecks (807).

FIG. 86 illustrates the thinning and elongation of the
carbon grease channel in the sensor 803 upon inflation of the
soft actuator (shown as a bended soft actuator 801"). FIG. 8¢
shows a photograph of the soft device 801 in its uninflated
state with a resistance measurement of 38.0 kQ. FIG. 84
shows a photograph of the soft device 801 in its inflated state
as indicated by the increase in resistance (now 91.2 kQ)
shown on the screen in the lower right side of the image.
Thus, the resistance readout from the sensors may be pro-
cessed/fed to a processor which correlates the resistance of
the sensor with the strain state and/or curvature of the body
of the soft robot.

Soft Robotic Systems

In some embodiments, a soft robotic system is described,
including a soft robot including one or more sensors as
described herein, and at least one of a processor and a
controller system. Thus, in some embodiments, the soft
robotic system includes a soft robot comprising an elasto-
meric body having one chamber or a plurality of intercon-
nected chambers disposed within the body and a pressuriz-
ing inlet that is configured to receive fluid for the chamber
or the plurality of interconnected chambers; at least one
sensor configured to detect a physical, chemical, or elec-
tronic signal; and at least one of a processor configured to
operably linked to the sensor to receive the readout from the
sensor and interpret the readout; and a control system
configured to control the movement of the soft robot based
on the readout generated by the one or more sensors or the
processor’s interpretation of the readout.

A non-limiting example of the operation of the soft
robotic system is described with reference to FIG. 13. In step
1301, the sensor senses a physical, chemical, or electronic
property related to the state of the soft robot and generates
a signal. Subsequently in step 1302, the signal is transmitted
to the processor, through wires or wirelessly. The processor
receives and interprets the signal to obtain information about
the state of the soft robot (step 1303). In certain embodi-
ments, based on the information obtained by the sensors, a
user and/or processor can use the readout to estimate the
state of the robot. Any know method of data-fitting can be
used by the processor. Finally, the controller system receives
the information about the state of the soft robot and, if
needed, alters the state of the soft robot.

Soft Robot Capable of Locomotion

An embodiment of the soft robot is shown with reference
to FIG. 14a-c. FIG. 14a shows a photograph of a soft robot
crawling under a glass plate. FIG. 145 shows (on the left) an
illustration of the pneumatic network on the top layer of the
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robot shown in FIG. 14a which contains soft actuators 1401,
and FIG. 145 shows (on the right) an illustration of the strain
limiting layer 1402 on the bottom of the robot shown in FIG.
14a. FIG. 14¢ shows an illustration of a distributed network
of sensors on the strain limiting layer of a soft robot, which
include a processing unit 1405, sensors 1403 and serpentine
wires 1407 connecting the sensors 1403 and the processing
unit 1405. This is a signal intensity gradient based detection
method that can determine the direction from which a signal
is being emitted. Thus, a single signal can be measured by
a spatially distributed network of sensors. Since the intensity
of a signal diminishes as a function of distance from the
source of the signal, one can use the gradient in measured
signal intensity across a distributed network of sensors to
determine the direction the signal is coming from. For
example one could determine the direction that a sound is
coming from using a distributed network of microphones. In
this example the microphones that are closest to the source
of the sound will measure the highest intensity audio signal
while the microphones that are the furthest away from the
source will measure the lowest intensity audio signal. These
microphones will next send their intensity measurements to
a processor for analysis. This processor will use both the
measurements of intensity across the network in conjunction
with its knowledge of the relative distance between all the
microphones in the network to determine the direction from
which the sound originated.

Unless otherwise defined, used or characterized herein,
terms that are used herein (including technical and scientific
terms) are to be interpreted as having a meaning that is
consistent with their accepted meaning in the context of the
relevant art and are not to be interpreted in an idealized or
overly formal sense unless expressly so defined herein. For
example, if a particular composition is referenced, the
composition may be substantially, though not perfectly pure,
as practical and imperfect realities may apply; e.g., the
potential presence of at least trace impurities (e.g., at less
than 1 or 2%) can be understood as being within the scope
of the description; likewise, if a particular shape is refer-
enced, the shape is intended to include imperfect variations
from ideal shapes, e.g., due to manufacturing tolerances.
Percentages or concentrations expressed herein can repre-
sent either by weight or by volume.

Although the terms, first, second, third, etc., may be used
herein to describe various elements, these elements are not
to be limited by these terms. These terms are simply used to
distinguish one element from another. Thus, a first element,
discussed below, could be termed a second element without
departing from the teachings of the exemplary embodi-
ments. Spatially relative terms, such as “above,” “below,”
“left,” “right,” “in front,” “behind,” and the like, may be
used herein for ease of description to describe the relation-
ship of one element to another element, as illustrated in the
figures. It will be understood that the spatially relative terms,
as well as the illustrated configurations, are intended to
encompass different orientations of the apparatus in use or
operation in addition to the orientations described herein and
depicted in the figures. For example, if the apparatus in the
figures is turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
“above” the other elements or features. Thus, the exemplary
term, “above,” may encompass both an orientation of above
and below. The apparatus may be otherwise oriented (e.g.,
rotated 90 degrees or at other orientations) and the spatially
relative descriptors used herein interpreted accordingly. Fur-
ther still, in this disclosure, when an element is referred to
as being “on,” “connected to,” “coupled to,
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with,” etc., another element, it may be directly on, connected
to, coupled to, or in contact with the other element or
intervening elements may be present unless otherwise speci-
fied.

The terminology used herein is for the purpose of describ-
ing particular embodiments and is not intended to be limit-
ing of exemplary embodiments. As used herein, singular
forms, such as “a” and “an,” are intended to include the
plural forms as well, unless the context indicates otherwise.

It will be appreciated that while a particular sequence of
steps has been shown and described for purposes of expla-
nation, the sequence may be varied in certain respects, or the
steps may be combined, while still obtaining the desired
configuration. Additionally, modifications to the disclosed
embodiment and the invention as claimed are possible and
within the scope of this disclosed invention.

What is claimed is:

1. A soft robotic device comprising:

an elastomeric body having one chamber or a plurality of
interconnected chambers disposed within the elasto-
meric body and a pressurizing inlet that is configured to
receive a pressurizing fluid for the chamber or the
plurality of interconnected chambers;

a plurality of sensors configured to generate a readout
correlating with a state of the soft robotic device to
actuate the soft robotic device; and

a processor operably linked to the plurality of sensors to
receive the readout from the plurality of sensors and
interpret the readout;

wherein the soft robotic device further comprises a strain
limited layer disposed along one side of the elastomeric
body and stiffer or less stretchable than the elastomeric
body;

wherein the plurality of sensors comprises a network of
electromagnetic sensors embedded in the strain limited
layer; and

wherein the processor comprises a magnetic motion cap-
ture system and the network of electromagnetic sensors
acts as active markers for the magnetic motion capture
system for use as a data input for the processor to
conduct a finite element analysis or to fit a model of the
soft robotic device.

2. The soft robotic device of claim 1, wherein the state of
the soft robotic device is a plurality of variables selected
from the group consisting of a position of the soft robotic
device, an orientation of the soft robotic device, a velocity
of the soft robotic device, an acceleration of the soft robotic
device, an elapsed time since the soft robotic device is last
actuated, a maximum pressure of the pressurizing fluid used
during a last actuation of the soft robotic device, a volume
of the soft robotic device, a surface curvature of the elas-
tomeric body, a material stress at points along the elasto-
meric body, a material strain at points along the elastomeric
body, a force being applied by the soft robotic device on an
object, a temperature of the soft robotic device, a pressure
inside and outside the soft robotic device, and a pressure
differential between the pressurizing fluid inside the cham-
ber and an ambient pressure in an external environment of
the soft robotic device.

3. The soft robotic device of claim 1, wherein the plurality
of sensors are configured to detect a physical, chemical, or
electronic signal.

4. The soft robotic device of claim 1, wherein plurality of
sensors further comprise sensors embedded in or attached to
the elastomeric body.
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5. The soft robotic device of claim 1, wherein the pres-
surizing inlet is configured to receive the pressurizing fluid
from an external fluid source.

6. The soft robotic device of claim 1, wherein at least one
of the plurality of sensors are selected from the group
consisting of thermal sensors, strain sensors, stress sensors,
volumetric sensors, torque sensors, shear sensors, chemical
sensors, biological sensors, neural sensors, pressure sensors,
barometric pressure sensors, vacuum sensors, altimeters,
conductivity sensors, impedance sensors, inertial measure-
ment units, force sensing resistors, laser range finders,
acoustic range finders, magnetometers, Hall Effect sensors,
magneto-diodes, magneto-transistors, microelectromechani-
cal system magnetic field sensors, microphones, photo
detectors, accelerometers, gyroscope sensors, flow sensors,
humidity sensors, chemiresistors, volatile organic com-
pound sensors, heavy metal sensors, pH sensors, sedimen-
tation sensors, cardiac ablation sensors, myoelectric sensors,
electronic noses, gas sensors, oxXygen sensors, nitrogen
sensors, natural gas sensors, VX gas sensors, sarin gas
sensors, mustard gas sensors, explosives detectors, metal
detectors, radiological detectors, voltage sensors, and cur-
rent sensors.

7. The soft robotic device of claim 1, wherein at least one
of the plurality of sensors are selected from the group
consisting of volumetric, positional, strain, flow, Inertial
Measurement Unit (IMU), temperature, and magnetic sen-
SOrS.

8. The soft robotic device of claim 1, wherein the soft
robotic device comprises at least two different sensors.

9. The soft robotic device of claim 1, wherein at least one
of the plurality of sensors are non-stretchable or stretchable.

10. The soft robotic device of claim 1, wherein at least one
of the plurality of sensors is a microelectromechanical
system (MEMS) sensor, a pressure sensor, a force sensor, or
an Inertial Measurement Unit (IMU).

11. The soft robotic device of claim 1, wherein the soft
robotic device is a gripper or a robotic hand.

12. The soft robotic device of claim 11, wherein the
gripper comprises additional sensors configured to perform
grasp detection or configured to control a force the gripper
applies to an object it is grasping.

13. The soft robotic device of claim 1, wherein the soft
robotic device is an end-of-arm tool for a robotic arm, delta
robot, scara robot, gantry system or a mobile robotic plat-
form.

14. A soft robotic system comprising:

a soft robotic device comprising:

an elastomeric body having one chamber or a plurality
of interconnected chambers disposed within the elas-
tomeric body and a pressurizing inlet that is config-
ured to receive a pressurizing fluid for the chamber
or the plurality of interconnected chambers to actuate
the soft robotic device;
a plurality of sensors configured to generate a readout
correlating with a state of the soft robotic device;
wherein the soft robotic device further comprises a
strain limited layer disposed along one side of the
elastomeric body and stiffer or less stretchable than
the elastomeric body; and

wherein the plurality of sensors comprises a network of
electromagnetic sensors embedded in the strain lim-
ited layer;

a processor operably linked to the plurality of sensors to
receive the readout from the plurality of sensors and
interpret the readout, wherein the processor comprises
a magnetic motion capture system and the network of
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electromagnetic sensors acts as active markers for the
magnetic motion capture system for use as a data input
for the processor to fit a model of the soft robotic
device; and

a control system configured to control a movement of the

soft robotic system based on the readout or the inter-
pretation of the readout.

15. The soft robotic system of claim 14, wherein the
plurality of sensors comprise a network of strain sensors,
accelerometers, magnetometers, gyroscopes, torque sensors,
shear sensors, force sensors, or Inertial Measurement Unit
(IMU) sensor packages.

16. The soft robotic system of claim 14, wherein the
processor is configured to conduct a finite element analysis
or to fit a reduced system model based on the readout.

17. The soft robotic system of claim 14, wherein the
network of electromagnetic sensors comprise a pressure
sensor, a flow sensor, or a volumetric sensor.

18. The soft robotic system of claim 17, wherein the
readout is a pressure readout.

19. The soft robotic system of claim 17, further compris-
ing:

instructions embedded in the processor to instruct the

control system to begin a corrective action if the
pressure sensor generates a pressure readout over a
threshold value; or

instructions embedded in the processor to instruct the

control system to begin a corrective action if the flow
sensor generates a flow rate readout over a threshold
value;

or

instructions embedded in the processor to instruct the

control system to begin a corrective action if the
volumetric sensor generates a fluid volume inside the
chamber to be over a threshold value.

20. The soft robotic system of claim 14, wherein at least
one of the plurality of sensors is a force sensor and the soft
robotic system further comprises instructions embedded in
the processor to instruct the control system to begin a
corrective action once the force sensor detects a force
readout over a threshold value.

21. The soft robotic system of claim 14, wherein at least
one of the plurality of sensors is a force sensor and the
processor is configured to interpret the force sensor’s read-
out to determine the elastomeric body’s morphology.

22. The soft robotic system of claim 21, wherein the
processor is configured to determine the soft robotic
device’s morphology based on the force sensor’s readout in
conjunction with an inflation pressure and a volume of the
pressurizing fluid received by the chamber or the plurality of
interconnected chambers.

23. The soft robotic system of claim 14, wherein at least
one of the plurality of sensors is an Inertial Measurement
Unit (IMU).

24. The soft robotic system of claim 23, wherein the
processor is configured to estimate the size, shape, or size
and shape of an object in contact with the soft robotic device
based on the readout.

25. The soft robotic system of claim 23, wherein the
control system controls the soft robotic device to carry out
a range of motions, or limit a range of motions.

26. The soft robotic system of claim 14, wherein the soft
robotic system is a surgical device selected from the group
consisting of retractors, stents, endoscopes, arthroscopes,
and laparoscopic instruments.

27. The soft robotic system of claim 14, wherein at least
one of the plurality of sensors comprises a temperature
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sensor to monitor changes in the operation temperature of
the soft robot; and the control system is configured to control
the pressurizing inlet’s pressure in response to changes in
temperature based on the temperature sensor’s readout.

28. The soft robotic system of claim 14, wherein at least
one of the plurality of sensors comprises a flow sensor to
monitor changes in an operation flow rate or a pressure of
the pressurized fluid through the pressurizing inlet; and the
control system is configured to control the operation flow
rate of the pressurized fluid based on the readout of the flow
sensor.

29. The soft robotic system of claim 14, wherein the
processor is configured to interpret the readout from the
plurality of sensors to perform real time measurement of the
soft robotic device’s morphology and to send instructions to
the control system to compensate for hysteresis.

30. A method for sensing a state of a soft robotic device,
comprising

obtaining a readout from a plurality of sensors transmitted

to a processor, wherein the processor comprises a
magnetic motion capture system; and

determining the state of the soft robotic device;

wherein the soft robotic device comprises

an elastomeric body having one chamber or a plu-
rality of interconnected chambers disposed within
the elastomeric body and a pressurizing inlet that
is configured to receive a pressurizing fluid for the
chamber or the plurality of interconnected cham-
bers to actuate the soft robotic device;

the plurality of sensors configured to generate the
readout correlating with the state of the soft
robotic device;

wherein the soft robotic device further comprises a
strain limited layer disposed along one side of the
elastomeric body and stiffer or less stretchable
than the elastomeric body; and

wherein the plurality of sensors comprises a network
of electromagnetic sensors embedded in the strain
limited layer, wherein the network of electromag-
netic sensors acts as active markers for the mag-
netic motion capture system for use as a data input
for the processor; and

fitting a model of the soft robotic device based on the

readout from the network of electromagnetic sensors
using the processor.

31. The method of claim 30, wherein fitting the model of
the soft robotic device comprises conducting a finite element
analysis or to fit a reduced system model based on the
readout from the network of magnetic sensors using the
processor.

32. The method of claim 30, wherein at least one of the
plurality of sensors is a flow, pressure, Inertial Measurement
Unit IMU), volumetric, or force sensor, wherein the soft
robotic device further comprises a control system, and the
method further comprises:
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instructing the control system to begin a corrective action
if the pressure sensor generates a pressure readout over
a threshold value; or

instructing the control system to begin a corrective action
if the flow sensor generates a flow rate readout over a
threshold value; or
instructing the control system to begin a corrective action
if the volumetric sensor generates a fluid volume inside
the chamber to be over a threshold value; or

instructing the control system to begin a corrective action
once the force sensor detect a force readout over a
threshold value; or

interpreting the force sensor’s readout to determine the

elastomeric body’s morphology; or

estimating the size, shape, or size and shape of an object

in contact with the soft robotic device based on the
readout; or

interpreting the readout from the plurality of sensors to

perform real time measurement of the soft robotic
device’s morphology and sending instructions to the
control system to compensate for hysteresis.

33. A method for sensing a state of a soft robotic system,
comprising obtaining a readout from a plurality of sensors;
interpreting the readout by using a processor; and control-
ling an actuation, a movement, or an actuation and a
movement of the soft robotic system based on the readout;

wherein the soft robotic system comprises

a soft robotic device comprising:
an elastomeric body having one chamber or a plu-
rality of interconnected chambers disposed within
the elastomeric body and a pressurizing inlet that
is configured to receive a pressurizing fluid for the
chamber or the plurality of interconnected cham-
bers to actuate the soft robotic device;
the plurality of sensors configured to generate the
readout correlating with the state of the soft
robotic device;
wherein the soft robotic device further comprises a
strain limited layer disposed along one side of the
elastomeric body and stiffer or less stretchable
than the elastomeric body; and
wherein the plurality of sensors comprises a network
of electromagnetic sensors embedded in the strain
limited layer;
the processor operably linked to the plurality of sensors
to receive the readout from the plurality of sensors
and interpret the readout, wherein the processor
comprises a magnetic motion capture system and the
network of electromagnetic sensors acts as active
markers for the magnetic motion capture system for
use as a data input for the processor to fit a model of
the soft robotic device; and
a control system configured to control a movement of
the soft robotic system based on the readout or the
processor’s interpretation of the readout.
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