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Sensor for soft robot

body of the soft robot

A sensor for soft robot should measure aspects of the robot itself
or external input to the robot without interfering with its movement 
and deformation, without compromising softness of the robot. 

- How much bended?
- Are there external force?
- Is it in contact with something?
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Examples of soft sensors
https://softroboticstoolkit.com/sensors

3



4



5



6



7



Agenda
1. Soft sensors classification

2. Resistive sensors

3. Capacitive sensors

4. Piezoelectric sensors

5. Magnetic sensors

6. Optical sensors

7. Distributed sensors for large area sensing

8. Camera based sensors
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Body of the soft robot

A sensor for soft robot should measure aspects of the robot itself
or external input to the robot without interfering with its movement 
and deformation, without compromising softness of the robot. 
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Classification by sensor form and installation



Classification by sensor form and installation

Controller

Soft sensor

Body of the soft robot

- The sensor can measure deformation of the body such as stretching and bending.
- The sensor should be soft enough not to affect the deformation of the soft robot.

1)  Embed soft and deformable sensors inside the body of the soft robot
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Controller

Micro sensors

Body of the soft robot

- Each sensor can measure something information at each location. 
- Fabricated by MEMS (micro electro-mechanical system) technology

2)  Embed micro-scaled sensors inside the body of the soft robot

Classification by sensor form and installation
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3)  Put external sensor outside the body of the soft robot

Controller
External sensor

Body of the soft robot

- Typical external sensor is 2D/3D camera  
- Can measure the state of surface, shape, position and motion

Classification by sensor form and installation
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Classification by physical quantities to be measured

1) Stretching

2) Bending

3) Force

4) Contact

5) Slip

6) Texture (surface microstructure)

7) Proximity

8) Temperature

1) 2)

3) 4) 5)

6)

7)

8)

Body of the soft robot
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Classification by sensing principle

- Resistive sensor

- Capacitive sensor

- Piezoelectric sensor

- Magnetic sensor

- Optical sensor
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Resistive sensor 

Resistance

 m ]  : volume resistivity, or
electrical resistivity

glass :          1010 1014 

rubber :        1013

iron :            1.00 10 7

aluminum :   2.65 10 8

Insulators

Conductors

(from Wikipedia) 15



Resistive sensor 

Assuming that 
the volume is 
constant, 

: strain

Resistance

Stretch
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Resistive sensor 

Assuming that 
the volume is 
constant, 

: strain

resistance

Quadratic curve
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Shintake et al., Advanced Materials Technologies, 
3, 1700284, 2018. 

Ultrastretchable Strain Sensors Using Carbon Black-Filled Elastomer Composites and 
Comparison of Capacitive Versus Resistive Sensors

500%
stretchable
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Flexible Fabric Sensor

Van Anh Ho et al., IEEE Sensors Journal (2013) 
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Resistive sensor - Film resistive sensor

Film substrate

Sensor element

Bending
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Potential difference e is

For small change for 1 

Assuming 1= 2 = 3 = 4 

Approximate as follows, 

Thus, you can observe  from e

How to measure small resistance change? 
- Wheatstone bridge circuit
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Capacitive sensor

Electrodes

Dielectric substance 

Capacitance

Permittivity

glass :          5.4 9.9
rubber :        2.0 3.5
paper :         2.0 2.6 
air :              1.00059

Relative permittivity
   Ratio to permittivity of vacuum

(from Wikipedia)
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Capacitive sensor

Stretch

Assuming that 
the volume is 
constant, 

: strain
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Capacitive sensor

stretch

Assuming that 
the volume is 
constant, 

: strain

Linear
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How to measure capacitance?     - RC circuit

small

large

For a step input, 

C can be observed by measuring the raising of Vout. 25



Shintake et al., Advanced Materials Technologies, 
3, 1700284, 2018. 

Ultrastretchable Strain Sensors Using Carbon Black-Filled Elastomer Composites and 
Comparison of Capacitive Versus Resistive Sensors

500%
stretchable
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Capacitive sensor     - Proximity sensing

Without contact / proximity

proximity

contact

ca
pa

ci
ta

nc
e

target object

proximity sensor (conductive fabric)

4 4.8 27



Low-Cost Sensor-Rich Fluidic Elastomer Actuators Embedded with Paper Electronics

T.H.Yang et al., Adv. Intell. Syst. 2020, 2, 2000025

Patterns printed with 
nanosilver ink
using inkjet printer  
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Low-Cost Sensor-Rich Fluidic Elastomer Actuators Embedded with Paper Electronics

T.H.Yang et al., Adv. Intell. Syst. 2020, 2, 2000025
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Piezoelectric sensor

No load Positive voltage
for compression Negative voltage

for extension

Piezoelectric material
- A type of dielectric material , and that causes piezoelectric phenomenon
which converts mechanical and electrical energy in each other. 

- Polarization occurs due to external stress.
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Piezoelectric ceramics
- Barium titanate
- Lead zirconate titanate, PZT

Fluorocarbon polymers 
- PVDF

Polylactic acid
- PLA

Piezoelectric sensor - Piezoelectric materials

PLA sensor Murata Manufacturing

PVDF sensor
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Piezoelectric sensor - Piezoelectric material characteristics

Direction of strain (or stress)  
Normal direction for electrode surface  

Thickness direction

Piezoelectric material

Piezoelectric constant Deforming the piezoelectric material   
by bending, 1 is dominant.

substrate

Piezoelectric material

Bending of 
substrate

Stretch of 
the material

Neutral plane

Piezoelectric constant 

Area of the electrode

Current between electrodes
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Piezoelectric sensor - Voltage measurement circuit

Equivalent circuit of    
piezoelectric sensor
(as voltage source)

Non-inverting amplifier
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Piezoelectric sensor - Current measurement circuit

Equivalent circuit of          
piezoelectric sensor
(as current source)

Current amplifier
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Magnetic sensor
Object 
making contact

Elastomer, 
soft material such as   
silicone rubber

Magnetic marker
such as magnetic field source
and high permeability materials

Magnetic transducers
that convert changes of magnetic field              
and permeability into electric signal 
e.g. Coil, Hall sensor

Measurement 
circuit
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Permeability changes and
inductance increases

Magnetic sensor - Sensing principle 

i) Using permanent magnet

ii) Using magnetic elastomer

permanent magnet

elastomer

magnetic sensor coil  

coil  

magnetic field

magnetic elastomer

alternating magnetic field 
generated by the coil

magnet movement 
due to contact

magnetic field changes 

High permeability material 
approaches 
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T. Kawasetsu et al., In Proc. of IEEE Sensors (2017)

Flexible tactile sensor based on inductance measurement

Measure displacement of the magnetic elastomer 
from inductance
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T. Kawasetsu et al., IEEE Sensors Journal (2018)

Flexible Tri-Axis Tactile Sensor Using Spiral Inductor and Magnetorheological Elastomer

By using multiple coils, movement of the marker 
in three dimensional space can be measured.

Elastomer  

Magnetic marker moves three dimensionally

Inductance
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Contact Behavior of Soft Spherical Tactile Sensors

S.Youssefian et al., IEEE Sensors Journal (2014)
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Optical sensor

Light source Light detectorSoft robot body

External force

Incident light Light changed by 
the soft robot body

General structure of optical sensors

Nature of light
- Travels at about 300,000 km per second
- Travels straight ahead
- Can be bent by interaction with objects, 
such as reflection or refraction

Etoh et al., Sensors, 2019
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Optical sensor     - Interaction of light and objects

:refractive index of medium 1

Incident light reflected light

transmitted light

Medium 1

Medium 2

:refractive index of medium 2
Intensity of reflected light and transmitted light 

depend on reflectance and transmittance ,
respectively. 41



Optical sensor     - Typical configurations

(d) Change of the light 
due to deformation 
of the optical fiber 

Optical fiber 

(a) Blocking the light (b) Change of 
the reflected light      

(c) Change of 
the transmitted light      

Soft membrane

Load

Density change

Soft porous material      
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OptoForce (marged with OnRobot in 2018)

6-axis force/torque sensor

Sensing surface

Reflection layer

Infrared emitter
Light detector
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Touchence  Shokac Cube

- Capable of detecting 0.6 mm of deformation of 
the sponge based on the response of the phototransistor

- Not damaged even when a large force is applied to 
the sponge

http://touchence.jp/

Sponge

LED  Phototransistor

Light  

Load Density of the sponge 
changes 

LED  Phototransistor

Transmitted light intensity 
decreases
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Stretchable distributed fiber-optic sensors

H. Bai et al., Science (2020)

lightguide consisting of two
polyurethane elastomeric cores
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Physical quantities and sensing principle
Detectable with                
high accuracy

Detectable but poor compared                    
to other methods : Undetectable )

Strain   
Stretch
Bend  

Pressure
Force
Contact

Slip   

Proximity
Tempera-
ture

Ph
ys

ic
al

 q
ua

nt
iti

es
Sensing principle  

Resistive Capacitive Magnetic OpticalPiezo

Piezoelectric, capable of detecting time-varying dynamic input                                                      
Capable of detecting magnetic materials and metals      
Need distance sensing such as ToF sensor and 3D camera    3 : Need infrared (thermal) sensing      
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