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ABSTRACT

The artificial pneumatic muscle is considered one of
the essential flexible actuators used in soft robotics
due to its advantages, which include flexibility, light-
weight, efficiency, and high tensile strength compared
to weight. However, despite these advantages, there is
anonlinear behaviorthat appears known as hysteresis,
which shows a clear difference between the response
when increasing and decreasing pressure, which com-
plicates the control process and affects its accuracy. In
this research, an experimental study was conducted
to examine the hysteresis phenomenon by measuring
the relationship between pressure and muscle length
in the two stages of increasing and decreasing pressure.
By employing experimental data and adopting the arc
tangent function, hysteresis was accurately modelled.
After that, the results showed an excellent agreement
between the mathematical model and the experimen-
tal data by found Statistical evaluation for model, which
confirms the effectiveness of the function in embodying
this nonlinear performance. This model provides a means
to develop the control of artificial pneumatic muscle and
can be used with different sizes of air muscles made of
the same materials because it is pressure dependent,
which contributes to the development of applications
based on prosthetic limbs and soft robotics.

Keywords: Pneumatic artificial muscle actuator,
Hysteresis characterization, Arctangent hysteresis
model, Pressure—length relationship, Nonlinear least-
squares fitting

Introduction

Possible future uses for robotic systems include exo-
skeletons worn to restore or enhance human skills,
personal or mobile robots that work alongside people,
and a general uptick in robotics research and devel-
opment. Because they are pliable and gentle, Pneu-
matic artificial muscles (PAMs) have emerged as an
alternative to other actuators on the market over the
last 30 years due to their gentle nature and ability to
actuate. Researchers in the domain of artificial muscle
actuators come from a wide variety of academic back-
grounds, including physics, biology, mechanical engi-
neering, materials science, and electrical engineering.
PAMs are simple mechanical actuators that have an
elastomeric bladder enclosed in a braided mesh sleeve
that is sealed at both ends by two end-fittings.

When air is pumped into the bladder, the actua-
tor may either shorten or lengthen along the axis,
depending on which way the braided sleeve fibres are
twisted. Contractile PAMs, sometimes called contractile
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actuators, are more popular than extensile PAMs
because they can generate stronger forces with less
chance of buckling.

Electric motors, hydraulic actuators, pneumatic
pistons, shape memory alloys (SMA), and flexible
actuators are a few examples of traditional actuation
methods.! The following are some of the main rea-
sons why artificial muscles are preferable to alterna-
tive actuation mechanisms” include low weight, quick
responsiveness, simple installation, excellent power-
to-weight ratio, minimal production cost, great dexter-
ity and safety, big deformations’ structural pliability
don’t have mechanical wear since it lacks internal mov-
ing parts, in addition to its clean operation.” Despite
these features the nonlinear hysteretic nature of PAMs
makes tracking control of PAM-driven robots problem-
atic the friction between the sheath threads and the
material characteristics of the silicone tube cause this
performance.”® Hence, PAM hysteresis modelling has
received a lot of attention. The hysteresis characteriza-
tion of PAMs is described using many models loosely
grouped into two groups: operator-based models and
differential-based models. The Duhem model, Bouc-
Wen model, and variants thereof are all members of
the first family. These models are defined by a system
of nonlinear differential equations that describe hys-
teresis loop form. It is problematic for feed-forward
because, although the differential-based model can
account for the impact of PMA’s velocity, it is difficult
to determine its inversion and compensate for hystere-
sis. In order to address this issue, many operator-based
models were examined,’ including the Preisach model,
the classical Prandtl-Ishlinskii (CPI) model, and veri-
fications of it. In most cases, these models use many
operators to characterize the hysteresis.® Below are
some studies regarding hysteresis; Ru et al. (2024) pre-
sented a study to treat hysteresis in pneumatic actu-
ators using a modified Prandtl-Ishlinskii model with
prediction algorithms and fuzzy neural networks. The
model was proven correct by practical experiments by
developing motion control. However, it is necessary to
take into account complex calculations and test it on
other actuators.’ Sofa et al. (2021) developed a modi-
fied model of the Bouc-wen model that represents the
hysteresis in aerobic muscles. The model focused on the
relationship between muscle length and force output,
which supported the accuracy of describing hysteresis
loops, in addition to providing a model that describes
the effect of pressure on force. The model was exper-
imentally validated with muscles of different lengths.
This work is considered a good step in enhancing the
control systems of soft robots that use aerobic muscles.
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The results prove that the model provides better per-
formance than the traditional model in describing
the dynamic performance of muscles.'® Shakiba et al.
(2021) proposed a solution to the hysteretic behaviour
of artificial muscles by means of a feed-forward con-
troller based on the velocity-based Prandtl- Ishlinskii
model. A direct inverse model based on the GPI model
was used to extract the parameters instead of the com-
plex calculations of the inverse model. The model was
enhanced by a genetic algorithm and interior point
methods to determine the parameters accurately and
quickly. The method proved to be able to compensate
for hysteresis effectively by experiment and is therefore
suitable for high-frequency motion applications. Ru
et al. (2023) researchers presented an improved rate-
dependent modified generalized Prandtl-Ishlinskii
(RMGPI) model to describe the complex hysteresis in
pneumatic actuators made of silicone rubber. The rate-
based and asymmetric hysteresis were considered, and
the actual bending angle was then determined using
an optical feedback system. To address the problem of
setting model parameters with many operations. So,
to improve the definition efficiency, they developed
an evolutionary firefly algorithm. Studies and experi-
ments have proven the effectiveness of the model and
the proposed algorithm." Ma et al. (2024) proposed
a new mechanical model to improve the accuracy of
describing hysteresis in pneumatic muscles during
elbow joint movement using aerobic muscles. To sup-
port the accuracy of representing movement and resis-
tance in the system, the model included a velocity-force
relationship that resembles the movement of skeletal
muscles;'? Shang et al. (2024) presented a complete
model for predicting the continuous and stiffness-cou-
pled hysteresis of a soft actuator driven by artificial
antenna muscles. The researchers used a fuzzy neural
network targeting the analysis of internal hysteresis,
actuator coupling, and hysteresis. An effective inverse
compensator was developed to decouple and reduce
the hysteresis in the system. A significant improvement
in the orientation and hysteresis reduction was demon-
strated through the experiments, which achieved the
effectiveness of the model. The results showed that the
model and control methods support the positioning
accuracy of the antenna actuator.” Krejci et al. (2012)
provided evidence of the applicability of the arctangent
function to approximate a hysteretic curve in the T(x)
hysteresis mode.'* Bienikowski et al. (2023) later pro-
vided evidence of the ability of arctangent functions
in the T(x) model to describe the nonlinear nature of
hysteresis.!> These findings confirm that arc-based
functions are a reliable way to model hysteresis, and
this is what is done in the present study of model-
ing experimental data with the arctangent function
because it is continuous, finite and reversible.'® This
work provides an accurate model despite its simplic-
ity and stability and has been experimentally verified,
unlike previous studies based on dynamic models and
complex data. Therefore, it can be adopted to improve
control and practical implementation.

Proposed Design
The pneumatic muscle actuator consists of a tiny
air entrance, an inner tube, and a braided mesh in
order to direct and limit the tube’s deformation. It is
closed on both sides Figure 1. The actuator’s action
is defined by the braiding angle (), with a critical
value of 54.7°. Exhibits contraction behavior when
it is below the critical value, but an extension behav-
ior for the air muscle is produced by a greater braid-
ing angle Figure 2. '®

For manufacturing the artificial air muscle was using
materials that were compatible with the design so that
they were soft and simple. The process was done using
a 34 cm long tube cover by a braided sleeve, with 25 cm
less than the length of the tube was used (because the
muscle is contraction type, the length braided sleeve
must be as compressed as possible to make angle
between the filaments of the braided sleeve and the
longitudinal sheath of the muscle less than critical
value) and 20 mm diameter, end caps manufactured
from Teflon by a 3D printer with a diameter of 20 mm
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Inner rubber tube

Fig 1 | The structure of the pneumatic muscle actuator
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Fig 2 | The braided angle of PMA (a) Contraction actuator
(b) Extension actuator

DOI: https://doi.org/10.70389/PJS.100178 | Premier Journal of Science 2025;15:100178



and a length of 35 mm, one of them containing an air
inlet with a diameter of 5 mm to supply muscle by air.
end caps were tightly inserted in the outskirts of tube
then covered by braided sleeve, duct tape Cable tape
was used to fixed the ends and braided sleeve for pre-
vent leakage of air. The complete muscle have weight
70 grams with 30 cm length. All material and complete
muscle shown in Figure 3.

For modeling the hysteresis phenomenon in pneu-
matic muscles to improve their performance and
control accuracy. In this research, a mathematical
model is developed to describe the hysteresis pres-
ent in the pressure-length relationship in the mus-
cle during the process of increasing and decreasing
pressure. The arc tangent function was a Suitable
choice to represent this nonlinear behavior as it is
continuous, reversible, and finite. The model is
expressed in a general form.®

yinc(p) = a, arctan (a,p + a,) + a, (1)
ydec(p) = b,+arc tan (b,p + b,) + b, 2)

Where yinc and ydec are the lengths in cm when pres-
sure increases and decreases respectively, p is the pres-
sure in kPa, a, and b, expansion factor and Hysteria
coefficient respectively both determine the height/
depth of the arch (amount of hysteresis), a, and b,
slope coefficient It controls the transition slope., a, and
b, Horizontal displacement, and a, and b, vertical dis-
placement. To determine the coefficients that describe
this function and as the relationship between pressure
and length is non-linear, an algorithm called Nonlin-
ear least squares curve fitting (Isqcurvefit) was suitable
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for use to minimize the sum of squared errors between
the model and the experimental values. The results
showed that the model provides a high agreement with
the data, so (1) and (2) became as follows:

yinc(p) = 2.7378 arc tan (-0.0083212 p
+1.3402) + 27.759 (3)

ydec(p) = 2.7854 arc tan (-0.0088259 p
+1.1891) + 27.87 (4)

The loading and unloading phase estimated param-
eters of the arctangent hysteresis model, along with
their associated 95% confidence limits, are summa-
rized in Table 1.

Experimental Results

This experiment aims to study the relationship between
the air pressure pumped to the artificial pneumatic
muscle and its length at a temperature of laboratory
(20 to 30). Materials and tools used in the experimen-
tal setup as in the following:

a. Artificial pneumatic muscle 30 cm long.

. Air pressure regulator to adjust the pressure level.

. Air pump to provide air.

. Pressure sensor to measure the applied pressure.

. Distance sensor to measure change in length

. Arduino is a Mega for reading data generated by

Sensors.

g. Jumper wires (male to male) to connect sensors
to Arduino ports. All of the material and tools are
shown in Figure 4 in the same order.

- 0o o o o

@

(©

(b)

(d)

Fig 3 | Material to manufacturing PMA (a) ends manufactured by a 3D printer (b) a 34 cm long tube (c) braided sleeve (d)

photograph of PMA
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To demonstrate the behavior of the system, the
artificial pneumatic muscle was suspended ver-
tically in a frame, and its free end was equipped
with a distance sensor to measure the change in its
length (There may be errors in the sensor readings).
As we know the distance sensor use to measure the
distance between it and objects so to make it mea-
sure the length of muscle use a code in Arduino
that gives in zero kPa 30 cm (length of muscle), to
ensure that the reading is correct, the length was
measured manually using a ruler after each increase
in pressure. Then, the air pump was connected to a
pressure sensor (There may be errors in the sensor
readings). and then attached to the muscle, and an

ORIGINAL RESEARCH

Arduino was used to obtain the readings of the two
sensors instantly. The pressure was increased from
zero to 500 kPa in steps of 50 by valve (provides
gauge pressure) that give Read the pressure on its
own screen so can ensure that read of sensor is cor-
rect, cannot use above 500 kPa because the muscle
may be damaged, air may leak, or it may burst and
cause damage, and then the pressure was reduced at
the same rate from 500 kPa to zero to determine the
relationship towards return. The change in length
was recorded at each step as the pressure increased
and decreased the two operations were performed
three times and the average was taken, and the
result was as shown in Figure 5 and Table 2.

Table 1 | Estimated parameters of the arctangent hysteresis model with 95% confidence intervals for loading and

unloading

Branch Symbol Estimate 95% Cl (Low) 95% Cl (High)
Up (Loading) a0 2.737800 1.986400 3.489300
Up (Loading) al —-0.008321 -0.012396 —0.004247
Up (Loading) a2 1.340200 0.503060 2.177300
Up (Loading) a3 27.759000 27.261000 28.258000
Down (Unloading) bo 2.785400 2.017600 3.553300
Down (Unloading) b1 -0.008826 -0.012970 —0.004682
Down (Unloading) b2 1.189100 0.402640 1.975500
Down (Unloading) b3 27.870000 27.282000 28.458000

3

Rl

(d) (e)

Fig 4 | Materials and tools used in the experimental setup

(f) (8)
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Fig 5 | Relationship between the length of the artificial pneumatic muscle and the pressure during loading and unloading

stages

Table 2 | Standard deviation (SD) and 95% confidence interval (CI) during loading and un loading at different pressures

for muscle

Pressure Up mean Up SD UpCl Down Down SD Down CI
(kPa) (cm) (cm) (cm) Mean (cm) (cm) (cm)
0 30.053 0.047 0.117 30.05 0.046 0.114
50 29.72 0.624 1.549 30.073 0.015 0.038
100 29.14 0.266 0.662 28.853 0.301 0.748
150 27.943 0.414 1.029 27.51 0.259 0.643
200 26.527 0.055 0.137 26.307 0.127 0.316
250 25.64 0.167 0.415 25.7 0.104 0.258
300 25.47 0.053 0.131 25.323 0.162 0.402
350 25.323 0.153 0.379 25.217 0.237 0.588
400 24.82 0.164 0.407 24.713 0.214 0.531
450 24.4 0.115 0.287 24.38 0.017 0.043
500 24.2 0.095 0.237 24.197 0.006 0.014

Figure above shows the relationship between the
length of the artificial pneumatic muscle and the
pressure. The blue curve shows a decrease in length
when the pressure increases and the red curve shows
an increase in length when the pressure decreases.
Reasons for the length to remain constant between
zero and 50 kPa. There is no friction between the
braid and the tube and the resistance of the tube,
while the reason for its stability between 450 kPa
and 500 kPa is that at a certain pressure, the mate-
rial from which the muscle is made reaches satura-
tion and cannot be compressed or stretched. Also
observed is a difference in the length values in the
two stages at the same pressure. This is attributed
to irregular characteristics. The structure of the com-
plicated behavior of the PMA outer coating, the com-
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pressibility of air, and the elastic-viscous attributes
of the inner rubber tube all contribute to this nonlin-
earity. Not to mention the hysteresis because of the
inner rubber tube, so the PMA’s performance varies
under various pressurizing situations, causing the
system to become more complicated as a result of
this behavior'’ in addition the Table 1 indicates the
accuracy of the experimental setup due to the low
standard deviation values, CI values also indicate
that the data are reliable and the measurement pro-
cess is accurate.

The validity of this model was confirmed by compar-
ing the simulated values resulting from the appropriate
arc tangent function with the experimental data. Sta-
tistical evaluation measures such as the mean square
error and the coefficient of determination were used to



PREMIER JOURNAL OF SCIENCE

ORIGINAL RESEARCH

Experimental and Fitted Data
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Fig 6 | Visual comparison between simulation from arc tangent values and experimental
values
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Fig 7 | Residual curves

determine the accuracy of the model. In the ascending
stage, the MSE was at a value (0.030238), small value
of MSE means that the model is more accurate in pre-
dicting the data. R? is at a value (0.99322) RMSE is at
value (0.17389) and MAE at (0.14769), which means
a strong agreement between the simulated and exper-
imental values. Likewise, in the descending stage,
where the MSE was at a value (0.029424), R? is at a
value (0.99328) RMSE at value (0.17153) and MAE
(0.12645), which confirms the validity of the model. In
addition to this visual comparison through the graphs,
it shows a close agreement between the simulated and
experimental data, as shown in Figure 6, a clear con-
vergence between the experimental and calculated
data, that enhances the strength of the model and
residual curve in Figure 7 for loading and unloading
phases.

This Figure clear the residuals are randomly dis-
tributed around zero with small amplitudes (0.3 cm),
which indicates that the model errors are random and
do not have systematic bias. This confirms that the
arctangent model is adequate in representing the pres-
sure—length relation and the hysteresis property of the
pneumatic artificial muscle.

Calibration of Sensors

Sensor of Pressure

A steel analog pressure sensor with a range of (0-0.5)
MPa (0-500) kPa. According to the datasheet from the
manufacturer Robu (2025),” this sensor provides a
linear output from 0.5 V at O kPa to 4.5 V at 500 kPa
when supplied with a 5 V voltage. Arduino Mega 2560
was programmed to covert the voltage to pressure in
kPa by the following equation:

V. _-0.5
= —%—— x500 (5)
4.0

kpa

Where V  is measured voltage, instantaneous pres-
sure value in kPa is show live in serial monitor during
experimental. the ADC resolution of the Arduino is
approximately 0.61 kPa per step which it is very small
(negligible) compared to sensor’s accuracy is + 2% of
full scale, corresponds to approximately + 10 kPa, at
95% confidence level (k = 2) approximately + 20 kPa is
the expanded uncertainty according to the datasheet
Robu (2025).*

Sensor of Distance

According to the data sheet (SparkFun) (2025)"
HC-SRO4 sensor works by sending an ultrasonic pulse
and receiving the reflected pulse from the other end of
the muscle, this sensor used to measure the length of
the muscle after contraction, the instantaneous length
of the muscle is calculated using the equation:

L = —= (6)
cm 58
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Where {,,is the pulse return in microseconds, An Ardu-
ino 2560 board was programmed to send a pulse of 10
microseconds from the TRIG pin and read the ECHO
signal via the pulse In and convert it to a length in cm
which is display in real time on serial monitor through
experimental. The sensor range is (2 — 400) cm with
an accuracy of approximately 3 mm, the measurement
uncertainty increases by + 0.175% of the measured
distance per C’ this because of effect of temperature on
the speed of sound according to data sheet.”

Comparesation arc Tangent Function Model with Bouc-
wen Model

On applying the Bouc-Wen model to the experimental
data as shown in Figure 8, statistical analysis indicated
higher precision with larger R? (=0.995) and smaller
error measures compared to the Arc tangent model as in
Tables 3 and 4. However, the Bouc-Wen model is param-
eter demanding and complex calibration and there-
fore less desirable for real-time control application.?
Conversely, the Arc tangent model, although slightly
less accurate (R? ~0.993), is mathematically simple,
has fewer parameters, and is simpler to implement in
control systems.?* Therefore, in summary, Bouc-Wen is
the more accurate model, but the Arc tangent function
provides the more practical trade-off between accuracy
and simplicity for real-time applications.

Limitations and Future Work

This research presents an analysis of the relationship
between the supplied pressure and muscle length
during pressure increase and decrease. Therefore, this
work focuses on the static characterization of the arti-
ficial muscle without considering the dynamic effects
and long-term material behavior. By optimizing the
minimum loading experiments and advanced mod-
eling to find the time- and rate-dependent behaviors,
future work will be expanded for broader applications

Bouc-Wen Fit per Branch — One Figure

Measured 1
Measured 4
BW fit t b
BW fit +

50

100

150 200 250 300 350 400 450 500
Pressure (kPa)

Fig 8 | Experimental data and Bouc-wen model
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Table 3 | Statistical evaluation in ascending stage

The Statistical Evaluation Arc Tangent Bouc-wen
Increase Stage Function Model

MSE 0.030238 0.025732
R? 0.99322 0.994229
RMSE 0.17389 0.160412
MAE 0.14769 0.132812

Table 4 | Statistical evaluation in descending stage

The Statistical Evaluation Arc Tangent Bouc-wen
Increase Stage Function Model

MSE 0.029424 0.020634
R? 0.99328 0.995290
RMSE 0.17153 0.143645
MAE 0.12645 0.110927

Conclusion

In conclusion, the research presents a study of model-
ling the phenomenon of hysteresis in artificial pneu-
matic muscles using the arctangent function which
characterized by the ease of mathematical represen-
tation and flexibility of modification based on experi-
mental data, unlike the traditional models mentioned
in previous studies. This makes it a suitable choice for
modeling hysteresis. A practical model was reached
that describes the relationship between pressure and
length in artificial pneumatic muscles, taking into
account the hysteresis that exists in this relationship.
Based on the experimental data, the optimal param-
eters of the model were determined using the curve-
fitting method in MATLAB. Statistical indicators such
were used such as MSE, RMSE, MEA and R? then
comparison with statistical indicators to Bouc-wen
model. The model was evaluated and showed a high
agreement between the experimental and simulation
values. The model demonstrated its ability to accu-
rately represent hysteresis, which supports its use in
improving the design and control of artificial pneu-
matic muscles so can use in control system of soft
robotic, easy to implement and its experimental can
do in laboratory. In this research, an important step
was presented towards understanding and analyz-
ing the nonlinear behavior in artificial aerobic mus-
cles, which helps in developing applications for this
technology in the field of soft robotics and intelligent
systems.
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