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Position and stiffness control based on a mechanical-equilibrium
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Abstract— In this study, we develop an antagonistic joint using
a hyper-extension actuator for the development of robots that
can perform human-like movements that are smooth and flexible.
Previous antagonistic joints using pneumatic artificial muscles
could not maintain joint rigidity when no air pressure was
applied. The hyper-extension actuator greatly elongates when air
pressure is applied and has a small radial-expansion rate. By
applying this actuator to the antagonistic joint, joint stiffness can
be maintained even without air-pressure application. The
developed antagonistic joint can achieve a target joint angle
range of -90-90 deg and joint stiffness of 0.1, 0.2, and 0.3 Nm/rad
by controlling the applied pressure to the actuator, as defined by
a model. The pressure-control performance of the joint angles
and stiffness is verified using an actual device. The results
demonstrate that the expected and measured values are in
agreement.

I. INTRODUCTION

Recently, the development of robots that can coexist with
humans has attracted significant attention. Robots play active
roles in many fields, including industrial robots used in
factories [1, 2] and human power-assist suits [3, 4]. To realize
these robots, delicate, skillful, and smooth human movements
must be achieved. One method that enables this is the use of
an antagonistic joint. An antagonistic joint is a joint in which
two muscles are arranged in pairs relative to the joint, and they
work together to move the joint. A high or low tension in both
muscles results in high or low joint stiffness, respectively. By
freely controlling the stiffness, a back drive may be achieved
[5], where the output joint moves in response to external
forces, such as human movement. Therefore, robots capable
of safe and flexible movements when operating near humans
can be realized.

Robots with antagonistic joints have been developed using
pneumatic artificial muscles [6-9], dielectric elastomers [10,
11], and motors [12, 13]. When developing robots aimed at
human-robot collaboration, dielectric elastomers offer the
advantage of easy control but are limited by low output and
susceptibility to external forces. In contrast, motors have the
advantage of high output, but pose safety risks when operating
near humans owing to their high weight and large inertial
forces. Therefore, the use of soft actuators, such as pneumatic
artificial muscles, which are soft, impact-resistant, lightweight,
and have a high output, is currently attracting attention.

In addition to the commonly used McKibben muscles [9,
14], straight-fiber-type pneumatic artificial muscles have also
been developed [15, 16]. In the structure of straight-fiber-type
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pneumatic artificial muscles, the reinforcement fibers align
only in the axial direction are enclosed in a rubber tube. When
pneumatic pressure is applied, the reinforcement fibers
constrain the tube, causing it to expand radially and contract
axially. Compared to conventional McKibben muscles, they
offer advantages such as higher contraction rates, greater
contraction forces, and longer lifespans. To date, this artificial
muscle has been used to develop manipulators with
antagonistic joints [17] and walking-assistance devices [18,
19]. However, the application of straight-fiber-type pneumatic
artificial muscles may be challenging. When no air pressure is
applied, they cannot exert tension or maintain joint stiffness.
In addition, when air pressure is applied, they expand radially;
therefore, they must be designed with a predefined space for
expansion, which makes miniaturization difficult.

Therefore, this study focuses on a hyper-extension
pneumatic actuator (HEA) [20] with artificial-muscle
characteristics. The HEA contains spiral-shaped long fibers
and short fiber-oriented threads inside a natural rubber tube.
By utilizing this structure, the expansion of the rubber is
suppressed, and the stress concentration on the rubber is
minimized. Consequently, when pneumatic pressure is
applied, the actuator exhibits minimal radial expansion (radial
expansion rate of less than 25 %), while achieving a
significant axial elongation (maximum elongation of 520 %).
Because of its large elongation displacement, the actuator can
generate a force specifically in the desired direction.
Compared with straight-fiber-type pneumatic artificial
muscles, the HEA is a lightweight, compact, and high-output
actuator. However, no antagonistic joints have been developed
based on mechanical-equilibrium models using an HEA. The
advantages and characteristics of using an HEA in
antagonistic joints are as follows:

—  The long stroke allows for a wide range of operations.

—  When the pressure is low, the joint reaches its high
stiffness, which helps reduce energy consumption
during long-duration carrying tasks and so on.

—  Because it does not expand radially when air pressure
is applied, miniaturization is possible.

This study develops a robot capable of smooth and flexible
human-like movements by creating an antagonistic joint (Fig.
1) based on a mechanical-equilibrium model using an HEA.
The proposed device uses two HEA units, each of which is
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pressurized with air to enable the free control of the joint angle
and stiffness. In future, we aim to apply this mechanism

to assistive devices by operating it in accordance with human

joint movements. In this study, we create a model for an
antagonistic joint and determine the range of air pressures to
be applied to the actuator to control the joint angle and
stiffness through a simulation. Subsequently, we construct a
prototype and verify whether the specified joint angle and
stiffness can be output.

The remainder of this paper is organized as follows.
Section II describes the characteristics of the HEA and
operating principles of antagonistic joints using actuators.
Section III describes the model for controlling an antagonistic
joint that is manufactured based on a mechanical-equilibrium
model using actuators. Section IV describes the simulations
conducted to verify the accuracy of the model. Section V
describes the motion system for operating an actual device
using the control model. Section VI verifies whether the joint
angle and stiffness are output as expected in the actual device.

II. ANTAGONISTIC JOINTS BASED ON A MECHANICAL-
EQUILIBRIUM MODEL USING AN HEA

A.  Overview

An antagonistic joint based on the mechanical-equilibrium
model using the newly developed HEA is shown in Fig. 1.
This device consists of two antagonistically arranged HEAs,
arms, pulleys with bearings, wires, an aluminum frame, a
rotary encoder (E6B2-CWZ6C, OMRON) to measure the
joint angles via gears, an air-pressure sensor (ITV2050-312L,
SMC) to measure the air pressure applied to the HEA, and a
load cell (LUR-A-500NSA1, KYOWA) to measure the tensile
force generated by the HEA. The joint angle is controlled by
adjusting the air pressure applied to each actuator.
Additionally, the joint stiffness can also be adjusted freely
because this joint has variable stiffness.

B. HEA characteristics

Fig. 2 shows the displacement-tensile force characteristics
of the HEA. These are the measurement results of the tensile
force F [N] and displacement x [mm] during the 150-mm
extension and contraction of the actuator without the
application of air pressure. Five cycles of 50-mm extension,
contraction, and extension were performed before the test to
confirm that the elongation of the actuator had converged.
Subsequently, the initial length of the actuator was measured
and a basic characteristic test was performed.

For the range of 0—120 mm, which is used in the proposed
antagonistic joint during the extension and contraction of the
actuator, a linear approximation (R?>=0.98) was performed
on the contraction results, and the following equation was
obtained:

F=11x )]

Based on Equation (1), the HEA has the characteristics of a
typical spring (k= 1.1 N/mm). To simplify the model equation,
a simple linear equation was used this time; however, by
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performing an approximation that accounts for hysteresis, it is
possible to improve the accuracy of the performance.

C. Principle of antagonistic joint movement

Next, the operating principles of the antagonistic joint are
explained. First, air pressure was applied to the actuator, and
the wire was stretched to twice its length to prevent sagging.
This state was considered as the initial position. Subsequently,
the displacement was varied to control the joint angle by
adjusting the applied air pressure. Similarly, joint stiffness
was controlled by adjusting the applied air pressure. The
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Figure 2. Force—pressure—displacement relationship of an HEA.

Figure 3. Antagonistic joint model.
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characteristics of the antagonistic joint based on a mechanical-
equilibrium model using the HEA are as follows:

—  For the same angle, if the displacement from the
unloaded state of the actuator is large, the joint
stiffness is low; if the displacement is small, the joint
stiffness is high.

—  Maximum joint rigidity is achieved when no air
pressure is applied.

—  Because the length is shortest in the absence of a load,
the wire connecting the actuator can operate without

sagging.

—  The extended state can be maintained even after the
air pressure is released from the actuator.

—  Pneumatic control to achieve variable rigidity is
difficult.

Based on the above, we controlled antagonistic joints based on
a mechanical-equilibrium model using an HEA by introducing
the control model, which is described in the next section.

III. CONTROL METHOD BASED ON MECHANICAL-
EQUILIBRIUM MODEL

A. Control model

Fig. 3 shows a diagram of an antagonistic joint device
based on a mechanical-equilibrium model using an HEA. The
[/ in Fig. 3 is the arm length of 60 mm. Fig. 4 shows a block
diagram of the control of the joint angle and stiffness of the
device. The command applied pressure is determined, and the
antagonistic joint is controlled by inputting the target joint
stiffness and angle into the model.

The model was derived by referencing the model for an
antagonistic joint based on a mechanical-equilibrium model
using dielectric elastomers [10]. Using the relationship
between the joint angle, displacement of the HEA that expands
and contracts when air pressure is applied, and external torque,
we derive an equation that includes the wvariables of
displacement xr1 and xr2, which expand and contract when air
pressure is applied to actuators 1 (left side in Fig. 1) and 2
(right side), external torque 7, and target joint angle 6,

7
(ky+ k) )r6y+ ~ = kixpr - kpxe )
Subsequently, we derive the joint-stiffness control equation.
First, we calculate the stiffness of each joint based on the
relationship between the air pressure applied to actuators 1 and
2 and the joint angle:
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We derive the relationship between the displacements xr1 and
xr2 of the HEA, which expand and contract owing to air
pressure, and the target joint stiffness Kja.

kyxpy kyxpy ) 2
2"
r9d+X01 -r(9d+x02

Equations (2) and (4) are combined as they relate to the target
joint stiffness Kja, external torque 7, and target joint angle 6y,
with variables xr1 and xr2 and the target joint angle 6, used to
derive the equations. By dividing the displacements xri and xr2
by the cross-sectional areas 41 and A2 of the actuators, the
applied pressures Pid and P2d on each actuator can be
expressed using Equations (5) and (6), respectively:

K= (k- @

1 rﬁd-i-xm
Py=—*X——7F7"—""
Ay axky(xgp + x2)

T I(jd
X{(k1+k2)xoz + Pl (-V9+xoz)} Q)
1 —I”Hd +x02
P 4w Gt
2 ax ky(xgtxg)
T ]{jd
X {(kl + ky)xo1 - Pl 7(7’9+X01)} 6)

Note that xo1 and xo2 are the initial displacements of the
actuators, k1 and k2 are the spring constants of the actuators,
is the pulley radius, and « is the adjustment coefficient related
to spring constants k1 and k2 when the actuators are extended.
The target joint angle and stiffness were obtained by applying
air pressure to each actuator.

Equations (5) and (6) represent the target values of the air
pressure applied to each actuator. Equations (5) and (6) derive
the air pressure from two parameters: the displacement and
joint stiffness. The model consists of terms related to the
cross-sectional area of the actuator, spring constant when the
actuator is extended, spring force when the actuator is
maximally extended, external force applied to the joint, and
force output when the actuator is extended. The target air
pressure applied to the actuator, calculated from the model,
was input to a proportional solenoid valve via D/A conversion,
and the air pressure applied by the compressor was controlled.
The displacement of the actuator changes depending on the air
pressure applied to it; therefore, the joint angle and stiffness
are output by changing the combination of air pressures
applied to the two actuators.

B. Actual control system

Fig. 5 shows a schematic of the system used to operate the
antagonistic joint device created in this study. The device was
controlled using a real-time system (MicroLabBox, dSpace).
First, the desired joint angle and joint stiffness were input and
substituted into the model, as shown in the block diagram in
Fig. 4. Subsequently, the calculated air pressure was input into



a proportional solenoid valve to control the compressor. The
air-pressure output from the compressor was applied to the
actuator and the joint angle and stiffness were obtained. The
output joint angle was measured using a rotary encoder. The
air pressure applied to the actuator was measured using an air-
pressure sensor, and the external torque applied was calculated
using the tensile force measured using a load cell.

IV. SIMULATION

Simulations were performed to verify the air pressure
required for each HEA to produce the target joint angle and
stiffness.

The spring constants k1 and k2 were calculated by
substituting the parameter values in Table I and results of the
basic characteristics test of the actuator; the calculation was
performed using the adjustment coefficient. The applied air
pressure was set in the range of 0-300 kPa, the target joint
angle in the range of -90-90 deg, and the target joint stiffness
in the range of 0.0-0.3 Nm/rad with a step size of 0.1 Nm/rad.
The results are shown in Fig. 6. The vertical axis represents
the air pressure applied to the HEA [kPa], horizontal axis
represents the target joint angle [deg], and slope represents the
target joint stiffness [Nm/rad]. For example, to output a target
joint angle of -30 deg and target joint stiffness of 0.2 Nm/rad,
an air pressure of 126 kPa must be applied to actuator 1 and
186 kPa to actuator 2. Thus, the applied pressure can be
uniquely determined by setting the target joint angle and
stiffness.
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Figure 5. Control system for antagonistic joint devices.

TABLE I. Parameters In Model

Parameter Value [unit]
Ay, A4, 0.483x10% [m?]
ky, ky 1.1x103 [N/m]
r 0.019 [m]
Xo1 X02 0.019%7 [m]
0, -90~90 [deg]
T 0 [Nm]
K, 0~0.3 [Nm/rad]
a 51-]

V. EVALUATION OF JOINT-CONTROL PERFORMANCE

In this section, we verify whether the specified joint angles
and stiffness are outputted in the actual machine using model
Equations (5) and (6).

A. Joint-angle control experiment

In this experiment, we verified whether the specified joint
angles were output by the actual machine. First, we set the arm
angle to 0 deg, inputted the target angle and air pressure
calculated from the model to the actuator via a proportional
solenoid valve, operated the arm until the rotary encoder-
measurement value stabilized, and then returned it to 0 deg. At
this time, the joint stiffness was maintained at 0.1 Nm/rad, and
only the angle was varied under three conditions: 0-30-0 deg,
0-60-0 deg, and 0-90—-0 deg. The number of trials was set to
five for each condition.

The results of the joint-angle control experiments are
shown in Fig. 7. Fig. 7(a) shows the results for the left side,
i.e., the -90-0 deg ranges in Fig. 1 and Fig. 5, and Fig. 7(b)
shows the results for the right side, i.e., the 0-90 deg range.
The horizontal axis represents the commanded angle, and the
vertical axis represents the output angle measured by the
rotary encoder. The dashed lines represent the theoretical
values. A comparison of the output angles of 30 deg, 60 deg,
and 90 deg showed that the error range was approximately 5
deg for the commanded angle of 90 deg, and approximately 3
deg for the commanded angles of 30 deg and 60 deg. The error
between the commanded and measured values in this case
occurs because the spring constant of the actuator was derived
using a first-order approximation rather than a third-order
approximation, resulting in the failure to consider hysteresis.
Furthermore, by setting the maximum air pressure applied to
the actuator to 300 kPa this time, the joint angle range was set
to -90 to 90 degrees. However, by increasing the applied air
pressure in the future, an expansion of the usable joint angle
range is anticipated.

B. Joint-stiffness control experiment

In this experiment, we verified whether the commanded
joint stiffness was output by the actual machine. First, we set
the commanded angle of the arm to 0 deg, inputted the
commanded pressure to output the commanded stiffness, and
operated the arm until the measured value of the rotary
encoder became constant.
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TABLE II. Responsiveness Of Joint Stiffness

a) Kja = 0.1 Nm/rad

Push In Angle F’[N] Kj[Nm/rad]
[deg] Mean SD Mean SD
5 0.47 0.0047 0.103 0.00099
10 0.92 0.0052 0.101 0.00044
15 1.40 0.0046 0.102 0.00032
b) Kja = 0.2 Nm/rad
Push In Angle F’[N] Kj[Nm/rad]
[deg] Mean SD Mean SD
5 0.94 0.061 0.201 0.0061
10 1.85 0.029 0.202 0.0024
15 2.76 0.022 0.200 0.0015
¢) Kja = 0.3 Nm/rad
Push In Angle F’[N] Kj[Nm/rad]
[deg] Mean SD Mean SD
5 1.35 0.033 0.296 0.0045
10 2.79 0.032 0.303 0.0030
15 423 0.053 0.306 0.0034

Once the measured value was constant, the tip of the arm was
pushed at a specified angle perpendicular to the arm. The
commanded joint stiffness was set to three values: 0.1, 0.2,
and 0.3 Nm/rad. The commanded joint angle was kept
constant at 0 deg, and the pushing angle was set to 5 deg, 10
deg, and 15 deg. Each condition was tested five times.The
external force F’[N] applied to the arm during pushing was
defined as the difference between actuators 1 and 2, and the
external force F’ was substituted into the following equation
to calculate the joint stiffness Kj, which was then compared
with the commanded joint stiffness:

K=F x ©

Note that r is the radius of the pulley and 8 is the push angle.

The results are summarized in Table II. These results show
that the measured joint stiffness (0.1, 0.2, and 0.3 Nm/rad)

matches the commanded joint stiffness. Furthermore, the
simulation results derived from the model assumptions
matched the actual applied air pressure. This consistency is
attributed to the alignment between the model assumptions
and experimental conditions as well as the simulation
parameters appropriately reflecting the measured values. This
demonstrates the validity of the constructed model and
suggests that an efficient simulation-based evaluation is
possible for future joint-stiffness prediction and design. This
time, the verification range for joint stiffness was set between
0.1 and 0.3 Nm/rad. However, expanding the verification
range in the future will likely enable the output of joint
stiffness across a broader range.

VI. CONCLUSION

In this study, we developed an antagonistic joint based on
a mechanical-equilibrium model using an HEA and evaluated
its control performance. The proposed antagonistic joint uses
two HEAs arranged in pairs to enable the control of the joint
angle and stiffness. We described the operating principle and
model equations and confirmed the control performance by
comparing the commanded and measured values through
simulation and joint-control experiments. The output joint
angle and stiffness matched the commanded values.

Future challenges include changing the method used to
calculate the spring constant of the actuator used in the model
to a fitting method that considers the hysteresis characteristics
of rubber to bring the output joint angle closer to the
commanded value. Experiments can be conducted to verify
whether the joint-stiffness output is the same as the theoretical
value even when the command angle is changed. Moreover,
the model can be improved to expand the range of joint
stiffness that can be output. Furthermore, using the
antagonistic joint developed in this study, a mobile robot
capable of operating in the same space as humans may be
developed.
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