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	 We have proposed an extension-type pneumatic soft actuator made of a silicone tube 
covered by a metal spring. The spring is used to reinforce the outer periphery and to estimate 
the extension of the actuator from its change in inductance. However, the repeatability of the 
measurement needs to be improved since neither side of the spring is firmly fixed to the silicone 
tube. In this study, we newly designed and developed a soft actuator to improve the repeatability 
of the measurement. Then, we estimated the external force applied to the actuator using the 
supply pressure and the estimated displacement of the spring. In our experiments, we used an 
external force sensor, and its measured value was compared with the estimated force value. 
We confirmed the effectiveness of the force estimation by performing experiments with a low-
frequency sinusoidal input of 0.1 Hz.

1.	 Introduction

	 Soft actuators are being actively studied since they are safe in contact with humans.(1) 
Soft actuators are applied in the industrial(2,3) and medical fields.(4) For example, they are 
used in rehabilitation devices(5) and surgical lamp operating devices.(6) Soft actuators are also 
an important element in soft robots. Various types of elongating actuators have also been 
proposed.(7–10) Hawkes developed a fiber-reinforced soft actuator with only one chamber.(11) 
The maximum stroke of the actuator was about 300% of the natural length and was larger than 
that of conventional straight pneumatic cylinders. Fiber-reinforced actuators have high pressure 
resistance so they are used in various applications.(12)

	 In addition, soft actuators with buried sensors have been proposed, as well as a soft actuator 
incorporating a capacitive sensor.(13) Not only electronic components but also conductive 
liquids and rubber can be used for soft actuators. Nguyen developed a conductive solid rubber 
buried actuator and measured its displacement from the change in electric resistance of the 
buried rubber.(14) Actuators in which conductive ink(15) or liquid(16–20) metal is encapsulated in 
a surface channel have also been proposed. We proposed a soft actuator with a built-in strain 
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Fig. 1.	 (Color online) Deformation of the soft actuator. (a) 0 kPa and (b) 350 kPa.

gauge to measure the displacement of the actuator. The opening angle of a forceps grasper 
was measured by the actuator.(21) However, such an actuator with a built-in sensor(22–25) 
requires a process for burying components during the manufacture, and the material of the 
sensor is often special or expensive. Therefore, we proposed a pneumatic soft actuator that 
enables a cover spring to be used as a sensor.(26) This actuator consisted of a silicone tube and 
a metal spring covering the tube. The spring suppresses the radial expansion of the silicone 
tube and ensures the axial extension of the tube when it is charged with air. We measured the 
actuator displacement using the change in inductance of the metal spring. We confirmed the 
effectiveness of the displacement measurement through experiments. However, the repeatability 
of the measurement needed to be improved since neither side of the spring was firmly fixed to 
the silicone tube. 
	 In this study, we newly designed and developed a soft actuator to fix the spring and the 
silicone tube to improve the repeatability of the displacement measurement. Then, we proposed 
a method of estimating the force applied to the soft actuator from the displacement and the 
pressure in the actuator. In the experiments, we used an external force sensor, and its measured 
value was compared with the estimated force value.
	 In Sect. 2, we give an outline of our developed soft actuator and its displacement estimation 
method. Section 3 describes the principle of the force estimation method and Sect. 4 describes 
the manufacturing process of the newly designed actuator and molds. Then, experiments 
performed to confirm the validity of the proposed method are reported in Sect. 5. Finally, we 
give conclusions in Sect. 6.

2.	 Soft Actuator with Built-in Displacement Sensor 

	 We first describe the soft actuator with the built-in displacement sensor proposed in our 
previous work(26) and the problem to be solved.

2.1	 Structure of the soft actuator

	 The developed soft actuator performs linear motion when supplied with compressed air (Fig. 1). 
A soft tube balloon made of silicone is covered by a metal spring. By supplying compressed air, 

(a) (b)
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the soft actuator suppresses radial expansion and undergoes axial extension. The metal spring 
is used to restrain the radial expansion during pressurization and to measure the displacement 
from the change in inductance with the length. The actuator weighs only 30 g and is lightweight. 
The actuator extends to about 2.5 times its initial length when a pressure of 350 kPa is applied. 
Note that a slight error in the manufacturing process causes unintended small bending motion 
of the actuator as shown in Fig. 1. In the experiment, the bending is suppressed by using a pipe 
with an inner diameter larger than the outer diameter of the actuator so as not to hinder the 
linear motion.

2.2	 Principle of the displacement measurement

	 The principle of displacement measurement using a spring is next briefly explained. The 
deformation of the actuator changes the length of the spring, and the inductance of the spring 
changes accordingly. The inductance of the spring is expressed by(27)

	
2 2

NK r NL
l

µπ
= ,	 (1)

where L [H] is the inductance of the spring, μ [H/m] is the magnetic permeability, N is the 
winding number, r [m] is the radius of the spring, l [m] is the length of the spring, and KN is the 
Nagaoka coefficient. KN can be represented as a function of l and r.(28) Assuming the radius 
of the spring does not change, KN is a function f(l) that is only affected by the length. The 
frequency fo [Hz] of the spring connected to the circuit for inductance measurement is expressed 
by
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where Cs [F] is the total capacitive of two capacitors. Figure 2 shows the circuit used for 
inductance measurement and a photograph taken when the proposed actuator is connected 

Fig. 2.	 (Color online) Circuit and actuator. (a) Circuit for inductance measurement. (b) Circuit connected to the 
proposed actuator.

(a) (b)
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to the circuit. We use a spring inductance measurement circuit that uses a Pierce oscillator 
circuit. Both ends of the metal spring are connected to the inductance measurement circuit. By 
substituting Eq. (1) and KN = f(l) into Eq. (2), the following expression is derived:

	 o 2 2
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r N f l Cs

l
µ

=
π

π

,
	 (3)

where μ, N, and Cs are constants. Therefore, if r is constant, the oscillation frequency can 
be represented by a function that depends only on the length of the spring. Figure 3 shows 
the relationship between the actuator displacement and the oscillation frequency. Since the 
frequency is uniquely determined by the displacement, we can measure the displacement by 
measuring the oscillation frequency of the spring.
	 Using the proposed method, we controlled the actuator displacement without an additional 
external sensor such as a wire encoder. However, the spring covering the actuator was not 
fixed to the silicone tube and the position of the spring slightly shifted each time the actuator 
expanded and contracted. Therefore, the oscillation frequency changed slightly after several 
motions even when the elongation of the soft actuator was the same. It is therefore necessary to 
improve the repeatability of the displacement measurement. It is also necessary to measure the 
force acting on the soft actuator and desirable to apply it to robots that collaborate with humans.

3.	 Force Estimation

	 A pneumatic soft actuator has high backdrivability. It has been verified that the effective 
cross-sectional area of the soft actuator depends on the outer diameter of the silicone part.(29) 
The force generated by the actuator can be calculated by multiplying the outer diameter by the 
supply pressure. Then, the force acting on the actuator can be calculated as

Fig. 3.	 (Color online) Relationship between oscillation frequency and actuator elongation. 
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	 Fest = AP − F(Lx),	 (4)

where A is the effective cross-sectional area of the actuator, Fest is the force applied to the 
actuator, F(Lx) is the spring force of the actuator, and Lx mm is the measured displacement of 
the actuator. Through preliminary experiments, the effective area of the actuator was measured 
as 2.409 × 10−4 m2 and the radius was calculated as 17.51 mm.
	 Then, we determined the spring force characteristics of the actuator. We assumed that the 
actuator is a spring with nonlinear characteristics. The relationship between the actuator driving 
force and the displacement obtained from the static characteristic experiment was approximated 
by a polynomial. Figure 4 shows the relationship between the elongation and force of the 
actuator, where the blue line and circles show the relationship between the driving force and 
elongation in the pressurization process, the purple line and squares show the relationship in the 
depressurization process, and the red dashed line shows the approximate curve. The actuator 
driving force was calculated from the supply pressure and the effective cross-sectional area 
of the actuator. As shown in Fig. 4, the proposed actuator has hysteresis. We consider that the 
hysteresis is caused by the flexibility and viscosity of silicone, the material of the actuator. We 
obtained the following approximate polynomial for estimating the force using the least-squares 
method:

	 F(Lx)( ) 3 3 1 28.843 10 3.710 10 8.645x x x xF L L L L− −≅ × − × + .	 (5)

	 Equation (5) is an experimentally derived polynomial. Considering the units of the left 
and right terms, the units of the coefficients are N/m3, N/m2, and N/m for the first three terms 
on the right-hand side, respectively. Equation (4) suggests that the displacement of the soft 
actuator directly affects the estimation accuracy of the acting force. Therefore, to estimate the 
displacement with higher repeatability, we newly designed and manufactured an actuator in 
which part of the spring is fixed to the silicone tube.

Fig. 4.	 (Color online) Nonlinear spring constant of actuator.
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Table 1
Detailed description of each mold.

Mold No.1

Bottom part fits spring and mold No.3 and is combined with mold No.2.
Curved spiral groove holds measuring spring.

Spiral groove fixes shape of spring and prevents silicone 
entering gaps between windings.

No groove at both ends of interior.
Mold interior is cylindrical with same diameter as outer diameter of spring.

Mold No.2
Lid on mold No.1.

Curved spiral groove is connected to groove of mold No.1.
Hole at top for air bubbles to escape.

Mold No.3 Shaft that supports inner diameter of silicone tube.
Shape of stepped round bar for hole of air tube.

Mold No.4 Lid to close hole of mold No.2. Gap for lead wires to escape.
Curved spiral groove is connected to groove of mold No.2.

4.	 Newly Designed Actuator

	 In the conventional fabrication process,(26) the metal spring is covered after manufacturing 
a stepped silicone tube. It is difficult to fix a metal spring to a silicone tube by the fabrication 
process. Therefore, we proposed a fabrication procedure in which both ends of the spring are 
embedded and fixed in a silicone tube.

4.1	 New molds and fabrication process

	 The new molds used to fabricate the soft actuator are shown in Fig. 5 and a detailed 
description of each mold is given in Table 1. We used the 3D printer Ultimaker 3 to make the 
molds, whose material is polylactic acid (PLA). The fabrication process of the actuator is shown 
in Fig. 6. First, the spring and mold No.3 are placed in mold No.1. The spring has soldered lead 
wires on both ends. Next, liquid silicone is poured into mold No.1 and mold No.2 is placed on 
it. After removing the bubbles using a vacuum pump, mold No.4 is placed on mold No.2. The 
silicone is left to cure at 23 ℃ for 16 h in a constant-temperature bath. After curing, the silicone 
tube is removed from the molds and the opening at the end is closed with silicone. Finally, an 

Fig. 5.	 (Color online) Four molds used to fabricate the soft actuator.
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acrylic plate with an air tube is bonded to the lower surface of the actuator. We do not consider 
the deformation of molds during the fabrication process because the deformation is small.
	 The repeatability of the displacement estimation was confirmed by measuring the oscillation 
frequency when the actuator returned to its initial length after operation. We measured the 
frequency eight times with the old actuator and the newly developed soft actuator. The variance 
for the old actuator was 6.02 KHz2 and that for the newly developed actuator was 1.54 KHz2. 
We thus confirmed the high repeatability of the new actuator.

4.2	 Specifications of new actuator

	 Figure 7 shows a photograph and typical dimensions of the newly designed soft actuator. The 
parameters of the new actuator are as follows: initial length: 40 mm, maximum outer diameter: 
20 mm, chamber inner diameter: 16 mm. Both ends of the metal spring are embedded in the 
silicone tube, and other parts of the spring are exposed outside of the silicone as shown in Fig. 
7. The weight is 13.0 g for the silicone part and spring alone, and 19.0 g including the parts for 
mounting the experimental equipment. This actuator extends to about 1.8 times its initial length 
by applying 200 kPa. By using a noncontact spring, the frequency can be stably measured at the 
initial position of the actuator at atmospheric pressure. 

5.	 Experiments

5.1	 Experimental setup

	 The experimental apparatus is shown in Fig. 8. The actuator was connected to a linear guide 
to constrain its movement to be parallel to a wire encoder. The actuator displacement was 

Fig. 6.	 (Color online) Fabrication process of the soft actuator.
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measured by the wire encoder with a resolution of 0.04 mm. By installing the spring between the 
actuator and the force sensor, an external force was applied that depended on the displacement. 
Details of the devices used in the experiment are shown in Table 2. The specifications of the 
wire encoder, force sensor, servo valve, and compression spring are summarized in Tables 3–6, 
respectively. Experiments were conducted to confirm the accuracy of force estimation with 
the proposed soft actuator. The actuator was driven by pressure control and pushed the force 
sensor. The measured and estimated values during the driving of the proposed actuator were 
compared. We used a PJRC Teensy 3.2 microcomputer and the FreqCount library for oscillation 
measurement. This library is suitable for 1 kHz–8 MHz. The oscillation pulses were counted 
during the gate interval by the FreqCount program, and a low-pass filter with a cutoff frequency 
of 50 Hz was applied. The operating frequency of the Teensy3.2 was 72 MHz, the data transfer 
rate of the serial communication was 56000 bps, and the frequency sampling time was 0.001 s. 
The gate interval was 1 ms and the resolution of the counter was 1 Hz in this study.

5.2	 Acting force estimation experiments

	 The actuator was operated by proportional–integral (PI) pressure control using the servo 
valve. The block diagram of PI control is shown in Fig. 9. The control gains were determined 
experimentally. The proportional gain Kap and the integral gain Kai were set to 0.04 V/Pa and 
5.5 V/(Pa·s), respectively. The soft actuator extended from 0 to 20 mm with no load at a supply 

Fig. 8.	 (Color online) Experimental apparatus used for force measurement.

Fig. 7.	 (Color online) Newly designed actuator.



Sensors and Materials, Vol. 33, No. 2 (2021)	 563

pressure from 0 to 100 kPa. The 20 mm stroke was about half of the full stroke. We examined 
the force acting on the soft actuator in the pressure range. The soft actuator is expected to be 
used in low-response situations such as low-speed walking. Therefore, the input frequency of 
the acting force was set to 0.1 Hz. The experiments were conducted under the following four 
pressure ranges to observe the effect of the hysteresis characteristics of the actuator shown in Fig. 4.
1.	 0–100 kPa
2.	 50–100 kPa
3.	 0–80 kPa
4.	 40–80 kPa
	 The experimental results are shown in Fig. 10. The left figures show the displacement and 
the right figures show the force. The blue dashed lines in the displacement figures represent 

Table 2
Experimental devices.
Servo valve FESTO MYPE-5-M5-010B-30L-SA
Pressure sensor SMC PSE510-M5
Encoder MLS-12-1500PST16E-250
Force sensor IMADA DS2-50N
Control PC Ubuntu real-time OS
AD board 16 bit
DA board 16 bit

Table 3
Specifications of encoder.
Range of measurement 250 × 10−3 m
Detection method Incremental method
Number of output pulses 1500
Minimum resolution 0.04 × 10−3 m
Highest response frequency 50 × 103 Hz

Table 4
Specifications of force sensor.
Range of measurement 50 N
Minimum resolution 0.01 N
Sampling frequency 0.001 s

Table 5
Specification of servo valve.
Orifice diameter 2 mm
Range of working pressure 1 × 106 Pa
Standard flow rate 0–100 l/min
Maximum working frequency 115 Hz
Range of working voltage 0–10 V

Table 6
Specifications of compression spring.
Outer diameter 12 mm
Spring constant 1.765 N/mm
Wire diameter 1.2 mm
Free height 32 mm
Contact height 12 mm

Fig. 9.	 Block diagram of PI pressure control.
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Fig. 10.	 (Color online) Experimental results (left: displacement, right: force). (a) Condition 1: 0–100 kPa. (b) 
Condition 2: 50–100 kPa. (c) Condition 3: 0–80 kPa. (d) Condition 4: 40–80 kPa.

(a)

(b)

(c)

(d)
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values measured using the wire encoder, and the green solid lines represent the values estimated 
from the oscillation frequency. The solid blue lines in the force figures represent the values 
measured using the force sensor and the solid red lines represent the values estimated using Eq. (4).
	 From the left figures of Fig. 10, we confirmed that the estimated displacement is in good 
agreement with the values measured using the encoder. From the right figures, we confirmed 
that the estimated force is also generally in good agreement with the values measured with the 
force sensor. We can see a slight phase lead in the estimated force compared with the measured 
force. We consider that there are two main reasons for the phase lead. First, the hysteresis 
characteristic shown in Fig. 4 was not taken into consideration in the force estimation. Second, 
the viscosity of the soft actuator was not considered since the motion is very slow. The accuracy 
of the estimation could be improved by considering these two factors, which will be our future 
work.

6.	 Conclusion

	 In this study, we newly designed and developed a soft actuator that fixes a spring and a 
silicone tube to perform displacement estimation with high repeatability. By utilizing the 
high backdrivability of the actuator, we estimated the force acting on the actuator from the 
supply pressure and the displacement. The accuracy of displacement and force estimation was 
confirmed by performing experiments with a low-frequency sinusoidal input of 0.1 Hz. 
	 There was a slight difference between the estimated and measured forces. Our future work is 
to improve the accuracy of the estimation by considering the hysteresis characteristics and the 
viscosity of the actuator.
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