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Abstract 

McKibben pneumatic actuators (MPAs) are soft actuators that exert tension by applying compressed air to expand 
a rubber tube. Although electro-pneumatic regulators can control air pressure, most are large and expensive. This 
study utilizes a dynamic quantizer to control the MPA with a small solenoid valve that can only open and close 
the valve instead of an electro-pneumatic regulator. A dynamic quantizer is one of the quantizers that converts con-
tinuous signals to discrete signals. Our previous study confirmed that tension control of MPA under isometric condi-
tions could be realized using a dynamic quantizer. However, it is often necessary to control the length of the MPA 
as well as the tension of the MPA. This study implements a dynamic quantizer to control the length of the MPA 
with a small solenoid valve. Numerical simulations and experimental tests verify the effectiveness of the proposed 
method. The results of the numerical simulations and experimental tests confirmed that the length of the MPA can be 
controlled using the dynamic quantizer.
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Introduction
The McKibben pneumatic actuator (MPA) is a soft 
actuator developed by J.L. McKibben in 1961, primar-
ily to assist patients with severe flaccid paralysis of the 
upper limb. In the same year, mimicking the grasping 
and releasing motions of a patient’s hand was achieved 
by attaching an assistive device using an MPA [1]. Sub-
sequently, several non-medical studies have been con-
ducted, such as developing a robotic arm with an 
antagonistically placed MPA [2]. Since then, its applica-
tions have extended beyond the medical field, with stud-
ies exploring their use in robotic arms owing to their 

flexibility, lightweight properties, and high power output, 
and have achieved dynamic robot motions [3–7].

Enhancing the control capabilities of these actuators 
is crucial to improving the performance of MPA-driven 
robots. Several studies have been conducted to control 
the exerted tension or length of the pneumatic actuators 
[8–12]. In the control of MPAs, proportional pneumatic 
valves, including electro-pneumatic regulators have been 
used to control the pressure applied to pneumatic actua-
tors. Although electro-pneumatic regulators can accu-
rately control the pressure, they are large and expensive. 
Alternatively, compact solenoid valves that offer discrete 
on-off control have emerged as viable pneumatic control 
devices. Integrating these small solenoid valves into MPA 
control systems can considerably advance the develop-
ment of robots using multiple actuators.

It is necessary to convert continuous pressure inputs 
into discrete on-off values to achieve MPA control using 
small solenoid valves. Prior studies proposed control 
methods such as sliding mode control [13] or modified 
pulse-width modulation  (PWM) techniques [14, 15]. 
However, these control methods require precise models 
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or tuning of multiple thresholds, such as flow dynamics 
based on valve opening and closing or tuning multiple 
thresholds at which the valve opens or closes relative to 
the command value. In this study, we focus on dynamic 
quantizers that convert continuous-valued signals into 
discrete-valued signals without relying on detailed mod-
els or the response characteristics of quantization devices 
[16, 17]. Moreover, dynamic quantizers can easily be inte-
grated into feedback control systems designed for contin-
uous-valued inputs. Thus, a straightforward replacement 
for electro-pneumatic regulators using small solenoid 
valves can be achieved.

In our previous research [18], we proposed a control 
method for MPA tension that utilizes dynamic quantiz-
ers to convert continuous pressure inputs into discrete 
on-off values, enabling control of small solenoid valves 
with binary operation capabilities. In addition, we experi-
mentally verified the effectiveness of this control method 
using actual equipment. However, the study primarily 
focused on controlling the tension of MPAs under iso-
metric conditions. The MPA length changes when used 
as an actuator for a robot, such as when driving a joint. 
Therefore, relaxing the isometric condition is crucial 
to leverage fully the control capabilities of MPAs using 
dynamic quantizers.

Therefore, this study employed a control method utiliz-
ing dynamic quantizers and solenoid valves with binary 
operation capabilities to a nonisometric MPA model 
for length control. Simulations and experiments dem-
onstrated that this control method effectively regulates 
MPA’s length. The results of this study indicate that the 
proposed control method can be adapted to diverse sce-
narios to realize more varied motions in robots using 
MPAs.

Model of MPA‑mass system
McKibben pneumatic actuator (MPA)
Figure 1 shows the MPA comprising rubber tube, mesh 
sleeve, and intake and exhaust terminals used in this 
study. The MPA is driven by applying air pressure to 
the rubber tube. The sleeve fibers prevent the rubber 
tube from expanding in the radial direction. Therefore, 
the internal pressure in the rubber tube acts in the axial 
direction only, yielding contraction and tension in that 
direction. This mechanism and using air as the working 
fluid allow the MPA to achieve lightweight and high-
powered motion. Additionally, its physical flexibility 
allows higher elasticity and back-drivability than that of 
other actuators such as motors. Because of these char-
acteristics, MPA helps an actuator to achieve dynamic 
motions in robotic applications.

Various tension models have been developed for MPAs 
[19–24]. This study used the linear approximation model 
proposed in our previous study as the tension model for 
MPA [24]. It has been confirmed that this model can 
appropriately express the tension characteristics of MPA 
despite its simplistic form, as compared to other pro-
posed models.

In the linear approximation model, the exerted tension 
fm(t) is defined as

where S1 , S2 , S3 , S4 , and γ are the constant coefficients 
determined from the material properties of the MPA. 
Thus, the exerted tension of the MPA is determined by 
the length of the MPA (L(t)), contraction velocity (L̇(t) ), 
and applied pressure (P(t)).

MPA‑mass system
The system to be controlled has a simple configuration, 
as shown in Fig. 2. We verify the feasibility of MPA length 
control by connecting a weight to the MPA via a wire, 
while connecting the other end to a fixed end. We con-
trol the position of the weight by controlling the length 
(amount of contraction) of the MPA.

Let m be the mass of the weight, g be the acceleration 
due to gravity, and x(t) be the contraction length of MPA 
from its unloaded length L0 ; that is, L(t) = L0 − x(t) . The 
mass of MPA was assumed to be sufficiently small com-
pared with the mass of the weight.

The equation of motion for x(t) becomes

(1)
fm(t) = S1P(t)+ S2P(t)L(t)+ S3L(t)+ S4 − γ L̇(t)

(2)

mẍ(t) = fm(t)−mg

= S1P(t)+ S2P(t)(L0 − x(t))+ S3(L0 − x(t))+ S4 − γ ẋ(t)−mg

= −S3x(t)− γ ẋ(t)− S2P(t)x(t)+ (S1 + S2L0)P(t)+ S3L0 + S4 −mg

Fig. 1 Overview of McKibben pneumatic actuator: MPA (top) 
before and (bottom) after air pressure application (0.4 MPa)
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Assuming that the variation in x(t) is sufficiently 
small compared to that of P(t), we approximate 
P(t)x(t) ≈ P(t)x̄ where x̄ is a constant. Using this 
approximation, Eq. (2) can be rewritten as

where α = S1 + S2L0 − S2x̄ , β = S3L0 + S4 −mg.
Using X(t) = x(t)− β

S3
 , Eq. (3) can be rewritten as

Equation  (4) can be further rewritten as the following 
state-space representation:

The delay in the air supply to the MPA is expressed as a 
first-order lag system, as follows:

where xp(t) is the state, τ is the time constant, and P̃(t) is 
the delayed system output.

Since the input to system (5) is the output of the delay 
system P̃(t) , the system to be controlled can be derived 
using Eqs. (5) and (6), as follows:

(3)

mẍ(t) = −S3x(t)− γ ẋ(t)+ (S1 + S2L0 − S2 x̄)P(t)+ S3L0 + S4 −mg

= −S3x(t)− γ ẋ(t)+ αP(t)+ β

(4)Ẍ(t) = −
S3

m
X(t)−

γ

m
Ẋ(t)+

α

m
P(t)

(5)
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{

τ ẋp(t)+ xp(t) = P(t)

P̃(t) = xp(t)
⇒

{

ẋp(t) = − 1
τ
xp(t)+

1
τ
P(t)

P̃(t) = xp(t)

In the following sections, we explain the design of the 
controllers and dynamic quantizers based on this system.

Dynamic quantizer
Instead of inputting the continuous value u directly to 
plant P, a discretized input v was used (Fig. 3). A quan-
tizer Q can convert u to v to control the MPA length with 
a solenoid valve that can be opened and closed.

In this study, a dynamic quantizer was used as the 
quantization method [16]. The dynamic quantizer makes 
the input–output characteristics of the system with quan-
tizer close to that of an ideal system without a quantizer.

In a previous study, various types of quantized systems 
were considered. Figure  4 shows the feedback system 
with an input quantizer.
P denotes a discrete-time linear plant.

where x(k) ∈ R
np is the state, v(k) ∈ R

m are the inputs, 
z(k) ∈ R

l1 and y(k) ∈ R
l2 are the outputs. A ∈ R

np×np , 
B ∈ R

np×m , C1 ∈ R
l1×np , and C2 ∈ R

l2×np are constant 
matrices. np , l1 , l2 , and m denote the dimensions of x(k), 
z(k), y(k), and v(k) respectively.
K is a discrete-time controller.

(7)
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(8)P :







x(k + 1) = Ax(k)+ Bv(k)
z(k) = C1x(k)
y(k) = C2x(k)

(9)

K :

{

xK (k + 1) = AKxK (k)+ BK1r(k)+ BK2y(k)
u(k) = CKxK (k)+ DK1r(k)+ DK2y(k)

McKibben pneumatic 
 actuator (MPA)

Mass
Fig. 2 The MPA-mass system

Fig. 3 Quantizer that converts continuous value input in the plant 
to discrete value input

Fig. 4 Feedback system with input quantizer
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where xK (k) ∈ Rnk  is the state, r(k) ∈ Rr  is the reference 
input, and AK ∈ R

nk×nk , BK1 ∈ R
nk×r , BK2 ∈ R

nk×l2 , 
CK ∈ R

m×nk , DK1 ∈ R
m×r , and DK2 ∈ R

m×l2 are constant 
matrices. nk and r are the dimensions of xK (k) and r(k), 
respectively.

The dynamic quantizer Q is given by

where ξ(k) ∈ R
N , v(k) ∈ V

m := {0,±d,±2d, · · · }m , and 
u(k) ∈ R

m denote the state, output, and input of the 
quantizer, respectively. AQ ∈ R

N×N , BQ1,BQ2 ∈ R
N×m , 

and CQ ∈ R
m×N are constant matrices. N denotes the 

number of dimensions of ξ(k) . V is a discrete set speci-
fied by the quantization interval d ∈ R+ . The function 
q: Rm → V

m is the nearest-neighbor static quantizer 
approaching −∞ . An example of the case m := 1 is 
shown in Fig.  5. The static quantizer shown in this fig-
ure is also a quantizer. Similarly, PWM, used for motor 
control, is also a quantizer. Equation (10) shows that the 
dynamic quantizer is a dynamical system with a state. 
Therefore, dynamic quantizers are expected to perform 
better than PWMs if AQ , BQ1 , BQ2 , and CQ are appropri-
ately selected.

Let T denote the performance evaluation time for Q. 
ZQ(x0,R) is defined by the sequence of output z for input 
R := (r0, r1, · · · , rT−1) and the initial value x0 . For an 
unquantized system �I using continuous-value inputs 
without a dynamic quantizer, the symbol ZI (x0,R) is 
defined similarly. The dynamic quantizer design problem 
for the target discrete-time system (8) and the controller (9) 

(10)Q :

{

ξ(k + 1) = AQξ(k)+ BQ1u(k)+ BQ2v(k)
v(k) = q(CQξ(k)+ u(k))

is defined as finding AQ , BQ1 , BQ2 , and CQ in Eq.  (10), 
which minimizes the following performance index of the 
quantizer:

Under certain conditions, a solution to the design prob-
lem can be analytically derived [16, 25]. Otherwise, com-
puter-based numerical optimization methods are used to 
identify dynamic quantizers [26, 27]. Implementing these 
methods based on prior research can be challenging. 
However, some quantizer design tools are available, such 
as the MATLAB toolbox (ODQ toolbox [28], ODQ Lab 
[29]), and the Python library (NQLib) [30], are available 
to solve the design problem through numerical optimi-
zation using a linear programming problem. These tools 
provide AQ , BQ1 , BQ2 , and CQ using only Eqs. (8) and (9), 
facilitating the implementation of dynamic quantizers in 
real systems.

Therefore, this study proposes using a dynamic quan-
tizer as a new method to control the MPA length with a 
solenoid valve that can only be opened and closed. The 
dynamic quantizer converts the continuous pressure 
input into a binary input. The solenoid valve is driven 
based on the dynamic quantizer output. Specifically, a 
controller was designed for system  (7), and a dynamic 
quantizer was designed for the system and controller.

In the following sections, we verified the feasibil-
ity of controlling the length of MPA using the designed 
dynamic quantizer and a solenoid valve through simula-
tions and experiments.

Numerical simulation
First, the effectiveness of MPA length control using 
dynamic quantizers was verified through numerical 
simulations.

Design of controller
Discretizing Eq. (7) using a zero-order hold and Ts = 0.01 
s, the following discrete-time system can be derived:

where k is the discretized time and xd(k) is the state of 
k. We derived the constant coefficients in Eq.  (1) based 
on a previous study [24] as S1 = −3358.9 , S2 = 16884.0 , 
S3 = 1686.3 , S4 = −516.46 , and γ = 200 . We used 
L0 = 0.290 m, x̄ = 0.07 m, m = 2.185 kg. These values 

E(Q) := sup
x0,R

||ZQ(x0,R)− ZI (x0,R)||.

(11)
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Fig. 5 Static quantizer q(µ) for µ ∈ R
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were determined using the experimental system for val-
idation. The time constant τ of the delay in Eq.  (6) was 
derived experimentally from the step response. A step 
input of 0.4 MPa was applied to the actual MPA via 
a solenoid valve. From the time required for the step 
response to reach 63.2% of the steady state, we derive τ 
as 0.800 s.

In this study, the following discrete-time PI controller 
was used to control contraction x of the MPA:

where xK (k) denotes the controller state. The PI con-
troller was selected to provide sufficient tracking per-
formance when controlling the contraction x without a 
dynamic quantizer.

For systems  (11) and  (12), the dynamic quantizer is 
designed using NQLib [30]. The obtained 1-dimension 
dynamic quantizers were AQ = 0.20000 , BQ = 0.44721 , 
and CQ = −0.44721 . The performance index E(Q) was 
0.0015528 m. Here, the quantization interval of the static 
quantizer q(z) was set to d = 0.4 MPa, indicating that the 
pressure input value was quantized to a discrete value in 
0.4 MPa increments.

Simulation result
Using the derived dynamic quantizer, numerical simula-
tions were performed to verify whether the MPA con-
traction can be controlled by turning the valve on or off. 
The control target in the simulation was not a discretized 
linear model (11), but a nonlinear model (2). The dynamic 
quantizer quantized the input in increments of d = 0.4 
MPa using the dynamic quantizer. Therefore, there are 
cases in which the quantized input has values other than 
0 and 0.4 MPa. With the given solenoid valve, the input 
to the system was 0.4 and 0 MPa if the quantized input 
was above 0.4 MPa and below 0 MPa, respectively.

As the target trajectory x̃ of the contraction length of 
MPA x, we use

• Step reference x̃(k) = 0.01, 0.02, 0.03, 0.04, 0.05 m,

(12)
xK (k + 1) = xK (k)+ 0.01y(k)

u(t) = 10.0xK (k)+ 10.0y(k)

• Sinusoidal reference x̃(k) = 0.02(1− cos(2π fTsk)) m where 
f = 0.1, 0.2,

• Staircase reference x̃(k) = 0.02, 0.03, 0.04 m.

Simulation results for each target trajectory are shown in 
Figs. 6 ∼ 13. The upper, middle, and lower parts represent 
the contraction x, the pressure input, and the enlarged 
pressure input, respectively. In the figure investigat-
ing contraction length x, the red and blue lines indicate 
results with and without the dynamic quantizer; the dot-
ted line represents target trajectories. The result without 
a dynamic quantizer is the result when the continuous 
value calculated by the PI controller was used as input to 
MPA without passing through the dynamic quantizer. In 
the pressure input figure, the green and red lines repre-
sent continuous input before quantization and the results 
with the dynamic quantizer, respectively. The enlarged 
graph of pressure input shows the pressure input from 
the beginning of the simulation to a few seconds after to 
clarify how the valve is switched on and off. From simula-
tion results, rising time, 5% settling time, and RMSE of 
the last 3 s for step references were calculated. The aver-
age phase delay from the target trajectory for the sinu-
soidal references was also calculated. These results are 
shown in Tables 1 and 2, respectively.

Although a slight oscillation remains for the target 
trajectory, x follows without a steady deviation, almost 
the same as in the case without a dynamic quantizer. 
The proposed method using the dynamic quantizer 
uses discrete value inputs of only 0 and 0.4 MPa, while 
the method without the dynamic quantizer uses con-
tinuous value inputs. Therefore, the proposed method 

Table 1 Comparison of control performance with and without dynamic quantizer for step target references

Reference (m) Rising time (sec) Settling time (sec) RMSE (m)

With Without With Without With Without

0.01 2.369 0.095 9.971 1.003 3.447× 10
−4

5.342× 10
−7

0.02 1.836 0.151 2.927 0.365 3.151× 10
−4

8.792× 10
−7

0.03 1.322 0.217 2.201 0.480 6.872× 10
−5

1.558× 10
−6

0.04 0.719 0.359 1.476 0.892 9.401× 10
−5

3.288× 10
−6

0.05 0.424 0.597 0.959 1.283 6.829× 10
−5

1.007× 10
−5

Table 2 Comparison of control performance with and without 
dynamic quantizer for sinusoidal target references

Frequency f (Hz) Phase delay (rad)

With Without

0.1 0.05184 0.3305

0.2 0.4800 0.5234
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using the dynamic quantizer is estimated to have worse 
control performance than the control method with-
out the dynamic quantizer basically. From Figs. 6, 7, 8, 
9  10 and Table 1, it can be confirmed that the control 
performance was degraded, but the degree of degrada-
tion was not significant. On the contrary, for the step 
reference of x̄(k) = 0.05 m, the rise time and settling 
time are better with the proposed method. Figure  11 
shows that the response at the time of target reference 
changeover is slightly better than that obtained using 
the dynamic quantizer. Figures 12, 13 and Table 2 show 
a slight delay in following the sinusoidal target trajec-
tory without a dynamic quantizer. This is attributed 
to the delay in the application of air pressure. How-
ever, with the dynamic quantizer, the delay is reduced. 
Therefore, it can be confirmed that, depending on the 
conditions, the control performance can be improved 
using the dynamic quantizer. This increased control 
performance or responsiveness may be because the 
quantization applies a pressure input that is instantane-
ous but larger than the value calculated by the PI con-
troller. It has been reported that a feedback modulator, 
as one of the quantizers, can compensate for nonlinear 
factors, such as response delay, deadband elements, and 
backlash [31, 32]. Dynamic quantizers may have similar 

properties, but the analysis of this effect is a subject for 
future work.

From the pressure input figures, it can be confirmed 
that the continuous-value input was converted into a 
discrete-value input of d = 0.4 MPa for any target value. 
In all cases, the continuous value of the pressure input 
under the steady state ranged from 0 to 0.4 MPa. This 
pressure input was challenging to achieve using solenoid 
valves, which can be opened or closed state and only use 
either 0 or 0.4 MPa as the input pressure. A dynamic 
quantizer helps realize the required pressure input and 
achieve tracking control. These results confirm the effec-
tiveness of the proposed method using a dynamic quan-
tizer for MPA length control.

In all the simulations, the transient response exhibits 
oscillations probably because the MPA tension model (1) 
does not fully reflect the elongation behavior from the 
natural length. In actual equipment, MPAs rarely extend 
beyond their unloaded length and contract to a large 
extent. Therefore, with MPA, the system is expected 
to converge without large oscillations in the transient 
response and track the target reference.

Experimental verification
Experiments were conducted to verify the feasibility of 
controlling length tracking using the dynamic quantizer.

Fig. 6 Simulation result for a step reference x̄(k) = 0.01m
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Fig. 7 Simulation result for a step reference x̄(k) = 0.02m

Fig. 8 Simulation result for a step reference x̄(k) = 0.03m
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Fig. 9 Simulation result for a step reference x̄(k) = 0.04m

Fig. 10 Simulation result for a step reference x̄(k) = 0.05m
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Fig. 11 Simulation result for a staircase reference

Fig. 12 Simulation result for a sinusoidal wave reference x̃(k) = 0.02(1− cos(0.2πTsk))m
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Experimental setup
Overview of the experimental system configuration and 
setup for verifying MPA length control using the dynamic 
quantizer and solenoid valve are given in Figs. 14 and 15, 
respectively. The MPA used in the verification experi-
ment was equivalent to that used in the previous study 
[23]. The unloaded length of MPA was L0 = 0.290 m. A 
weight was connected to the MPA via a wire; the other 
end was connected to a load cell  (Kyowa: LUX-B-1KN-
ID) to measure the exerted tension of the MPA. In this 
experiment, the load cell was not used for control but 
to check for excessive loads. A microlaser distance sen-
sor  (Panasonic: HG-C1200) was used to measure the 

Fig. 13 Simulation result for a sinusoidal wave reference x̃(k) = 0.02(1− cos(0.4πTsk))m

MPA

PC

Air compressor

Load cellM5Stamp S3

Electoronic signals
Compressed air

Solenoid valve

Mass

Laser
sensor

Filter regulator

Fig. 14 Configuration of the experimental setup

Laser sensor

McKibben pneumatic
 actuator(MPA)

Load cell

Mass

Fig. 15 Overview of experimental setup
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contraction length of MPA. A M5Stamp S3 microcon-
troller was used to control the inputs and outputs. The 
sensor values were obtained with the M5Stamp S3; the 
controller and dynamic quantizer were implemented 
on the M5Stamp S3 to control the solenoid valve (SMC: 
S070C-SDG-32). In this study, the compressed air from 
the air compressor was regulated to 0.4 MPa using a fil-
ter regulator. Regulated compressed air was supplied to 
the MPA through a solenoid valve. Thus, 0.4 MPa of com-
pressed air was applied to the MPA when the solenoid 
valve was open; otherwise, air was released, and 0 MPa 
air was applied. The control cycle was set to Ts = 0.01 s. 
Because the response time of the solenoid valve is 0.003 
s, The opening and closing of the valve were sufficiently 
quick for the control cycle. Figure  16 shows the sole-
noid valve and microcontroller used in the experiments. 
Because the microcomputer and solenoid valve are small, 
MPA control is possible using a compact control system.  

Experimental result
Similar to that in the simulations, the target contraction 
length used is as follows:

• Step reference x̃(k) = 0.01, 0.02, 0.03, 0.04, 0.05 m
• Sinusoidal reference x̃(k) = 0.02(1− cos(2π fTsk)) 

m, where f = 0.1, 0.2

• Staircase reference x̃(k) = 0.02, 0.03, 0.04 m.

Moreover, the same values of PI controller gain and 
dynamic quantizer, as in the simulation, were used. For 
comparison, an experiment with input discretization 
using the PWM output function of the M5Stamp S3 
(PWM frequency 100 Hz) was also conducted.

The experimental results for each reference trajectory 
are shown in Figs. 17, 18, 19, 20, 21, 22, 23, 24. The upper, 
middle, and lower parts represent the contraction x, the 
pressure input, and the enlarged pressure input, respec-
tively. In the figure investigating contraction length x, 
the red and dotted green lines indicate results with the 

dynamic quantizer  (red line) and reference trajectories, 
respectively. In the pressure input figure, the blue and 
red lines represent continuous input before quantization 
and the results without the dynamic quantizer, respec-
tively. The enlarged graph of pressure input shows the 
pressure input from the beginning of the experiment to 
a few seconds after to clearly how the valve is switched 
on and off. The dynamic quantizer quantizes the input 
in increments of d = 0.4 . Therefore, as in the simula-
tion, there are cases where the quantized input has values 
other than 0 and 0.4 MPa. Therefore, the actual control 
strategy was to open and close the valve when the input 
value was above 0.4 MPa and below 0 MPa, respectively. 
The results when PWM was used are shown in Figs. 25 
∼ 28. For comparison, these figures also show the results 
of the proposed method with dynamic quantizers under 
the same conditions.

From Figs. 17 ∼  24, it can be confirmed that the pro-
posed control method using the dynamic quantizer can 
track the target value with almost no steady-state devia-
tion, although overshoot and slight oscillations remain. 
In all cases, the continuous value of the pressure input 
under the steady state ranged from 0 to 0.4 MPa. This 
pressure input was difficult to achieve using solenoid 
valves, which use either 0 or 0.4 MPa as the input pres-
sure. The results confirm that a dynamic quantizer can 
realize such pressure input and achieve tracking control. 
In the simulation, a negative overshoot is observed in 
the transient response, but no such response is observed 
in the experiment. This is because the actual MPA does 
not extend beyond its no-load length. The MPA model 
used in the simulation does not reflect this characteristic, 
causing a difference in the transient response between 
the simulation and experiment.

For a quantitative comparison of the control perfor-
mance of the proposed method and PWM, the rising 
time, 10% settling time, and RMSE of the last 3 s for step 
references were calculated from the experimental results. 
The results are shown in Table  3. Compared to the 
results obtained using PWM, the settling time was much 
smaller with the proposed method when x̄(k) = 0.04 m 
(Fig. 25). The rising time was slightly faster with the pro-
posed method when x̄(k) = 0.02 m (Fig.  26). For both 
x̄(k) = 0.04 and 0.02 m, the RMSE was slightly better 
with the proposed method than with PWM. The average 
phase delay from the sinusoidal target reference for the 
proposed method and PWM were calculated as 0.2639 
and 0.7225 rad, respectively. Therefore, the delay in fol-
lowing a sinusoidal reference trajectory is better with 
the dynamic quantizer than with PWM (Fig.  27). These 
results confirm that the proposed method performs as 
well as or better than PWM. The response using PWM 
may be improved by adjusting the PWM frequency. 

Solenoid valve 
(SMC: S070C-SDG-32)Microcontroller

(M5Stamp S3)

Fig. 16 The solenoid valve and the microcontroller
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However, because the response time of the solenoid valve 
is 0.003 s, even if the PWM frequency is increased above 
the current value  (100 Hz), the valve will not open and 
close in time. Although modified-PWM methods [14, 
15] can improve system performance, these methods 
require multiple parameter tuning according to the valve 
and MPA. Therefore, it is possible, but not always easy, 
to improve performance with PWM. Moreover, quanti-
zation using PWM is not theoretically guaranteed, and 
performance degradation or instability may occur under 
certain circumstances. In contrast, dynamic quantizers 
can be designed by determining the system and control-
ler to be controlled. It allows selecting a controller that 
does not destabilize, and its effect on the performance 
can be evaluated using E(Q). Therefore, although the cur-
rently confirmed performance difference from the PWM 
case is slight, using a dynamic quantizer to control MPA 
length is considered significant enough.

These results confirm that MPA length control using 
dynamic quantizers is feasible in practice and dem-
onstrate the effectiveness of the proposed method. 
Additionally, the compensating effect of the dynamic 
quantizer on the delay when tracking sinusoidal targets 
was confirmed through simulations. This effect may be 
a hidden feature of the dynamic quantizer. However, the 
verification of this effect is a subject for future work.

Conclusion
In our previous study [18], we proposed a method for 
controlling the tension of MPAs using a solenoid valve 
as a first step in applying dynamic quantizers to MPA 
control. In this study, as a second step, we proposed a 
method for controlling the length of a single MPA using a 
solenoid valve. The proposed method uses small solenoid 
valves that can only be opened and closed and a dynamic 
quantizer that converts continuous-valued inputs into 

Table 3 Comparison of control performance with dynamic quantizer and PWM for step target references

Reference (m) Rising time (sec) Settling time (sec) RMSE (m)

Dynamic 
quantizer

PWM Dynamic 
quantizer

PWM Dynamic quantizer PWM

0.02 0.3100 0.4300 2.323 2.452 2.069× 10
−3

2.264× 10
−3

0.04 0.8300 0.6000 0.9700 3.341 4.987× 10
−3

5.833× 10
−3

Fig. 17 Experimental result for a step reference x̄(k) = 0.01m



Page 13 of 19Sugimoto et al. ROBOMECH Journal            (2024) 11:8  

Fig. 18 Experimental result for a step reference x̄(k) = 0.02m

Fig. 19 Experimental result for a step reference x̄(k) = 0.03m
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Fig. 20 Experimental result for a step reference x̄(k) = 0.04m

Fig. 21 Experimental result for a step reference x̄(k) = 0.05m
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Fig. 22 Experimental result for a staircase reference

Fig. 23 Experimental result for a sinusoidal wave reference x̃(k) = 0.02(1− cos(0.2πTsk))m
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Fig. 24 Experimental result for a sinusoidal wave reference x̃(k) = 0.02(1− cos(0.4πTsk))m

Fig. 25 Experimental result for a step reference x̄(k) = 0.04m with PWM
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Fig. 26 Experimental result for a step reference x̄(k) = 0.02m with PWM

Fig. 27 Experimental result for a sinusoidal wave reference x̃(k) = 0.02(1− cos(0.4πTsk))m with PWM
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discrete inputs. The proposed method was applied to the 
feedback control of MPA length. Numerical simulations 
and experiments on actual equipment demonstrated 
sufficient control performance. Specifically, the pro-
posed method exhibited a sufficiently high tracking per-
formance using only a simple MPA model and a simple 
control.

The proposed method is considered sufficiently use-
ful because sufficient control performance is confirmed. 
However, a quantitative evaluation of the proposed 
method to improve its control performance is a future 
task. Moreover, in actual robots, the joints are often 
driven by antagonizing multiple MPAs, which must be 
controlled in a coordinated manner. Extending the pro-
posed method to control multiple MPAs will be a future 
work. Another issue to be verified is durability. The pro-
posed method requires the valve to be switched on and 
off at higher speeds than typical usage of the valve. This 
can be a major factor in shortening the life of the valve. 
After the experiment in section  "Experimental verifica-
tion", a one-hour continuous operation test was con-
ducted. It was confirmed that there was no significant 
heat generation and the control board, including the 
valve, was not damaged. However, verification of the 
durability of the proposed method, including verifica-
tion of experiments over longer periods, is needed in the 
future.
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