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Abstract

proposed impedance control.

Power soft robots—defined as novel robots driven by powerful soft actuators, achieving both powerfulness and soft-
ness—are potentially suitable for complex collaborative tasks, and an approach to actuating a power soft robot is the
McKibben artificial muscle. This study aims to show the potential of hydraulic artificial muscles to be implemented

in a power soft robot with high safety, including higher stability against sudden load separation or impact distur-
bance, and appropriate dynamic compliance. The stability of a manipulator arm driven by hydraulic muscle actua-
tors is experimentally proven to be higher than that of pneumatic muscle actuators when the stored elastic energy

is instantaneously released. Therefore, the hydraulic muscle actuator is a better candidate for actuating a power soft
robot. By taking advantage of the incompressible liquid medium and the compliant structure of a hydraulic muscle, a
second-order impedance control strategy with a braking method is proposed to improve dynamic compliance with-
out sacrificing the safety features of hydraulic muscles. The results show that the manipulator can be easily shifted by
a several-kilogram-level external force and react safely against sudden load change with low angular velocity by the
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Introduction

It is a general assumption that softness and powerfulness
are contrasting concepts; however, they are actually inde-
pendent and can be achieved simultaneously. The goal of
our research is to develop a robot that has both proper-
ties: powerfulness and softness.

Traditional robots, which use stiff actuators with high
power and high accuracy, have already been applied
in many industries to accomplish heavy tasks. On the
other hand, novel soft actuators have intrinsic compli-
ance, which is particularly suitable for human-robot
interaction. However, most of the current soft actuators
lack power. For heavy tasks that require interaction with
humans, when both high power and high compliance
are required, traditional collaborative robots have to be
equipped with other safety components and advanced
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control methods to increase compliance and safety. How-
ever, a power soft robot—defined as a robot driven by
powerful soft actuators—has the potential to achieve the
coexistence of high power and high compliance with a
lightweight structure and a simple control method.

An approach to actuating a power soft robot is the
McKibben artificial muscle due to its compliant structure
[1] and its potential to generate high power with high
pressure. A McKibben muscle consists of an inner inflat-
able rubber tube and outer braided cords. One of the
simplest configurations of an adaptable compliant joint is
to use two McKibben muscle actuators connected to the
same joint in an antagonistic arrangement [2]. Most of
the McKibben muscles obtain contraction force by inject-
ing air into the inner chamber. However, such pneumatic
artificial muscle (PAM) actuators have slow response
time, low efficiency [3], and less generated power due
to limited air pressure. Besides, they are not always safe
enough but sometimes show dangerous behaviors due
to air compressibility. For example, when a load weight
acting on a robot is separated suddenly, or after a great
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disturbance is applied to the manipulator, stored pneu-
matic energy will be instantaneously released, and the
manipulator driven by PAMs will rapidly oscillate. This
uncontrollable oscillation, which is shown experimentally
in the next section of this paper, greatly compromises the
stability of robotic systems driven by PAMs. Therefore,
PAM is not the optimal actuator for actuating a power
soft robot.

Hydraulic artificial muscle actuators (HAM) with an
incompressible liquid medium have better performance
(including higher speed, accuracy, and power) due to
their higher system stiftness and higher bandwidth com-
pared with PAM [4-6]. In addition, due to the incom-
pressibility of hydraulic fluid, a manipulator arm driven
by HAMs does not rapidly oscillate when the load weight
is suddenly released. With the advantages such as the
high power of a hydraulic actuator and the compliant
structure of an artificial muscle actuator, HAM is con-
sidered as a potential candidate for a power soft robot to
achieve the coexistence of high power and high compli-
ance in collaborative tasks.

Although a hydraulic muscle actuator is not compli-
ant enough as a pneumatic muscle actuator, its better
controllability makes it possible to give it higher com-
pliance with active impedance control. The concept of
impedance control was proposed by Hogan from an idea
of human-like impedance control [7], which described
dynamic behavior as a second-order mechanical sys-
tem with the desired inertia, stiffness, and damping [8].
Impedance control focuses on the characterization and
control of the interaction and effectively improves the
dynamic compliance of the power soft robot driven by
HAMs. However, little has been reported on the con-
trol of HAMs to improve the feasibility of human—robot
interactions. Xiang et al. reported the combined hydrau-
lic and pneumatic mode of McKibben muscle for inter-
action [9]. Slightam et al. reported the practicability of
impedance control of a single hydraulic muscle [10].

Sufficient stability and dynamic compliance are the
key factors to higher safety. With the impedance con-
trol proposed in this study, manipulator arm can be
shifted by an operator or a disturbance with appropri-
ate dynamic compliance, and the joint of the power soft
robot driven by hydraulic muscles shows high stability in
various scenarios. The high stability is characterized by
no obvious oscillations and controllable reaction angu-
lar velocity against sudden load separation or cushioning
ability against sudden impact disturbance.

The aim of this study is to show the potential of hydrau-
lic muscles to realize safe power soft robots, which would
be both powerful and soft. Next, we show the stabil-
ity against sudden load change of a manipulator arm
driven by hydraulic muscle actuators experimentally
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by comparing it with pneumatic actuators. In the sub-
sequent section, we model the antagonistic joint and
describe the characteristics of the joint. Further, a simple
impedance control with the braking method is proposed
to improve its dynamic compliance. Finally, performance,
compliant motion, and disturbance reaction of the arm
are shown experimentally to conclude that the robots
driven by hydraulic muscles with the proposed control
strategy have a great potential for implementing soft
power robots.

Safety evaluation of artificial muscles for sudden
load change

Characteristics of artificial muscles

In this study, we assume that the following conditions
must be met to improve safety: (1) the robot should be
compliant when subjected to an external force; (2) the
robot should not oscillate when the external force or load
changes suddenly; (3) the speed of movement is con-
trollable, with no sudden peaks; (4) actuators cannot be
seriously damaged and cannot cause the robotic arm to
suddenly lose control in sudden situations; and (5) the
robot needs to be light enough to reduce the harm to
people in an inevitable conflict.

The actuating characteristics of actuators related
to hydraulic muscles are compared in Table 1. Artifi-
cial muscles have the advantage of compliance, while
hydraulic devices have the advantages of stability and
power. The aramid fiber used in our artificial muscles
has extremely high cutting resistance, so the artificial
muscles with flexible structures also have relatively high
puncture resistance. Even if the oil-resistant rubber is
damaged, the burst risk is considerably small in hydraulic
muscles as the oil pressure drops quickly after an oil leak.
Because pneumatic muscles have decreased safety due to
the compressibility of air and the resultant burst factor,
hydraulic muscles are more robust and reliable actuators.

Pneumatic muscles and hydraulic muscles for experi-
ments have an approximate length of 44 cm of an elastic
inner bladder (shown in Fig. 1). The inner bladder is made
of an oil-resistant nitrile rubber developed by Morita
et al. [11] because hydraulic muscles require oil resistiv-
ity. The outer braided cords are made of aramid fiber. The
weaving method and oil inlet adopt the same design used
by Mori et al. [12]. They have the same outer radius of
0.8 cm. Figure 2 compares the different outer braid angles
of a pneumatic muscle and a hydraulic muscle. The 25°
braid angle of the pneumatic muscle has a greater con-
traction force-pressure ratio, so that a pneumatic mus-
cle can produce the close contraction force at one-third
internal pressure as that of the hydraulic muscle, without
exceeding the air pressure resistance limit of one order of
magnitude less. (See Fig. 3 and subsequent sections for
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Fig. 1 Appearance of a hydraulic muscle and a pneumatic muscle.
The two kinds of muscles have a similar appearance and the same
natural length of 44 cm

Fig. 3 Comparison of the contraction ratio and tension of a
pneumatic muscle and a hydraulic muscle.Upper: contraction force of
a pneumatic muscle. Bottom: contraction force of a hydraulic muscle
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Fig. 2 Braid angle of a hydraulic muscle and a pneumatic muscle.

comparison experiments.) The 30° braid angle allows the
hydraulic muscle to have a higher braided cord density to
ensure that the rubber tube does not leak.

Compared with traditional robot actuators, artificial
muscles are highly lightweight. In this study, a pneumatic
muscle’s weight is 112 g, and that of a hydraulic muscle
is 124 g. Under the condition of maximum contraction,
the maximum volume inside the hydraulic muscle is
approximately 60 cm3. When using oil with a density of

0.881 g/cm?, the weight of oil present is approximately
52 g. Although the hydraulic muscles need to use extra
hoses to provide oil supply, a robot driven by these mus-
cles are more lightweight compare with driven by tradi-
tional hydraulic actuators (such as cylinders or hydraulic
motors).

The characteristics of a single pneumatic muscle and a
hydraulic muscle are shown in Fig. 3. Hydraulic muscles
can generate much higher force than pneumatic mus-
cles due to the higher available pressure (up to 7.0 MPa)
applied to the muscle.

Safety evaluation experiment for sudden load separation
The stability of the pneumatic and hydraulic muscle
driven manipulator against sudden load separation is
one of the key safety factors and is therefore investigated
in the sudden load separation experiment. In this case,
the load is suddenly separated from the manipulator to
observe its reaction, as stored elastic energy is suddenly
released. Experiments are repeated in a one-side arrange-
ment with a single muscle and an antagonistic arrange-
ment with two muscles (both pneumatic and hydraulic).
The experimental setup is shown in Fig. 4. The internal
pressure is adjusted to a stable level in the beginning,
and the supply circuit is blocked during the reaction. The
workable rotational range of the joint is approximately
+28°, wherein the muscles are always straight and con-
tracting in the axial direction.

In the sudden load separation experiment, the inter-
nal pressure of both hydraulic and pneumatic muscles
is adjusted. A manipulator arm with a 10 kg weight load
is at the horizontal position. Subsequently, the 10 kg
load is separated, causing the arm to react. The reac-
tion results of a single hydraulic and pneumatic muscle
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Table 1 Comparison of actuators related to hydraulic muscles

Page 4 of 16

Actuator Backdrivability Structural compliance Stability Generating puncture resistance
under disturbance force

Pneumatic cylinder Relatively high No Relatively low Low High

Pneumatic muscle High High Low Low Relatively high

Hydraulic cylinder Low No High High High

Hydraulic muscle Relatively high Relatively high Relatively high High Relatively high
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Fig. 4 Experimental setup for a sudden load change. Left: single arrangement. Right: the antagonistic arrangement with two muscles

connected to the joint are shown in Fig. 5, respectively.
The initial pressure of a single pneumatic muscle is
0.4 MPa, but it is 1.0 MPa for a single hydraulic muscle
due to the difference in the braid angles. For safety rea-
sons, a stopper is installed at approximately 70° to avoid
extreme reaction.

The reaction motion results of pneumatic and hydrau-
lic muscles connected to the joint in an antagonistic
arrangement are shown in Fig. 6, respectively. The ini-
tial internal pressure of the load-side pneumatic muscle
is 0.1 MPa, whereas that of the other side is 0.4 MPa.
The initial internal pressures of hydraulic muscles are
1.5 MPa and 2.5 MPa.

As shown in Fig. 5, the manipulator arm driven by
a single pneumatic muscle has a considerable reaction
to the angular displacement until being stopped by
the stopper at 70°. Moreover, it oscillates with angular
velocity max to 540°/s before hitting the stopper due
to its high compliance and lack of damping. This high-
speed oscillation has the potential to be extremely dan-
gerous when an operator is present. In contrast, the
system driven by a single hydraulic muscle reacts with
a significantly lower peak value of angular velocity
and displacement. The difference in angular velocity
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Fig. 5 Reactions of the joint driven by a single pneumatic muscle
and hydraulic muscle when the 10 kg load is suddenly separated. The
manipulator arm is stopped by the stopper at 70°
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Fig. 6 Reactions of the antagonistic joint driven by pneumatic
muscles and hydraulic muscles when the 10 kg weight is suddenly
separated

indicates that the hydraulic muscle is more stable than
the pneumatic muscle when the stored elastic energy is
suddenly released.

When the joint is in the antagonistic arrangement
driven by two artificial muscles (Fig. 6), both pneu-
matic and hydraulic muscles are more stable than
when in a single arrangement. This can be explained
as follows. In the antagonistic arrangement, torque
depends on the differing contraction force of both
sides. When one of the muscles is contracting, the
muscle on the other side is elongating. Thus, the braid
angle of the contracted muscle is increasing, and that
of the elongated one is decreasing. The internal vol-
ume also changes. The contracted muscle has a lower
pressure with a higher braid angle to generate lower
force, and the elongated muscle generates higher pres-
sure with a lower braid angle to generate higher force.
With the same angular displacement, the antagonistic
arrangement generates higher torque compared with
that of the single arrangement. However, uncontrol-
lable oscillation due to air compressibility still exists,
which can possibly injure the operator during move-
ment. Instead, the hydraulic muscle can provide a
smoother reaction as stored elastic energy is released,
especially in the antagonist arrangement wherein the
peak of reaction angular velocity is at a considerably
low level, and no oscillation occurs due to its high
stiffness, making the hydraulic muscle suitable to drive
a power soft robot.
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Fig. 7 Reactions of the joint driven by a single pneumatic muscle
and hydraulic muscle impacted by a 10 kg load dropped from 8 cm
height

Safety evaluation experiment for sudden impact
disturbance

The stability and appropriate compliance of the manip-
ulator driven by pneumatic and hydraulic muscles
against sudden impact disturbance is another safety
key factor and is therefore investigated in the sudden
impact disturbance experiment. Similar to the sud-
den load separation experiment, the manipulator is
adjusted to the horizontal position with stable inter-
nal pressure and the supply circuit is blocked during
the reaction. We then drop a 10 kg weight load from
a height of about 8 cm as a sudden impact disturbance
input.

The reaction results of a single hydraulic and pneu-
matic muscle connected to the joint are shown in Fig. 7.
The initial pressures of the single pneumatic mus-
cle and the single hydraulic muscle are 0.1 MPa and
0.4 MPa, respectively.

The reaction motion results of pneumatic and
hydraulic muscles connected to the joint in an antago-
nistic arrangement are shown in Fig. 8. The initial inter-
nal pressures of both pneumatic muscles are 0.25 MPa,
and the initial internal pressures of both hydraulic mus-
cles are 2.0 MPa.

It can be seen from Fig. 7 that after being impacted
by a falling 10 kg weight load at 1.0 s, both single mus-
cles show strong oscillation. Similar to the sudden load
separation result, a single pneumatic muscle shows a
greater displacement and longer oscillation due to the
lack of damping and high compliance. The maximum
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Fig. 8 Reactions of the antagonistic joint driven by pneumatic
muscles and hydraulic muscles impacted by a 10 kg load dropped
from 8 cm height

angular velocity has reached approximately twice that
of a single hydraulic muscle, reaching approximately
250°/s.

In the antagonistic arrangement, the maximum dis-
placement and the maximum angular velocity of the
hydraulic muscle decrease significantly. When return-
ing back to the horizontal position, the hydraulic mus-
cle stops close to the horizontal position due to the
contraction force of the load-side muscle and then
oscillates due to the impact of the bounced load. In
contrast, although there is a reduced oscillation time of
the pneumatic muscles with antagonistic arrangement,
the maximum angular velocity is relatively close to that
of a single muscle. The maximum angular velocity still
reached close to approximately 230°/s, which compro-
mises the stability of the manipulator arm due to air
compressibility.

However, neither the hydraulic muscles nor the pneu-
matic muscles showed sufficient safety in the sudden
impact disturbance experiment. The excessive angular
velocity of the pneumatic muscle in both arrangements
may easily cause the operator to be injured. The hydraulic
muscles show higher stability in a particularly antagonis-
tic arrangement. However, due to lack of sufficient com-
pliance, falling heavy objects may bounce up and injury
the operator. Therefore, we consider an effective way to
improve the safety of the antagonistic joint driven by
hydraulic muscles by improving its dynamic compliance
with an active control method without losing its stability.

Servo valve

Fig. 9 Schematic diagram of the antagonistic joint. Consists of a
rotary encoder, two servovalves, two hydraulic muscles, and their
pressure sensors

Modeling the antagonistic joint

According to Schulte [13] and Chou [14], the contrac-
tion force F; of a McKibben artificial muscle can be
expressed by Eq. (1) with internal pressure P;, where ¢
is the braid angle; b, n are the length of an aramid fiber
and number of turns, respectively. Index i represents
the number of the artificial muscle.

, 2
F = 7Pi (b) (3cos?p — 1) (1)

4 \nm

As depicted in Eq. (1), contraction force decreases with
an increase in the braid angle. Using geometric calcula-
tion, the relationship between contraction ratio and force
is calculated to be close to a straight line for a hydraulic
muscle with a larger initial braid angle, which is also in
line with the measured results shown in Fig. 3. There-
fore, to simplify the modeling and make the relationship
between the contraction ratio and force more intuitive,
we use a simple linear expression to model the contrac-
tion force of the hydraulic muscle, as in Eq. (2):

F; = I(fPi(emax —€5), (2)

where P; is the internal pressure; €; and €,y are the con-
traction ratio and maximum contraction ratio, respec-
tively. The proportionality constant Ky depends on the
initial outer diameter and the initial braid angle of the
artificial muscle. For the hydraulic muscle, the maximum
contraction ratio €may is considered to be 26% from Fig. 3.

The schematic diagram of the antagonistic joint is
shown in Fig. 9. The hydraulic muscle on the load-side
and the hydraulic muscle on another side have indices
1 and 2, respectively. Generated torque Tyum is given by
Eq. (3). Moreover, r is the distance between the muscles
and the center of rotation.
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Teum = For — Fir (3)

Passive compliance of the antagonistic joint

Ignoring the self-weight, when there is no torque received
and no torque generated, tqum = 0. Internal pressures of
hydraulic muscles 01 and 02 are P; = Payg — APpos and
Py = Pyyg + APpos, respectively. Moreover, APy is the
pressure difference from the average pressure, which
ensures that the manipulator arm stays in a certain posi-
tion without generating the torque shown in Eq. (4).
Finally, €y, is the contraction ratio of the two hydraulic
muscles when the manipulator arm is at the horizontal
position, 6 represents the angular position, and L repre-
sents the natural length of the muscle (44 cm).

Or

APyos = Payg————————
pos aVgL(Ema)( - Ghor)

(4)
When external torque text and gravitational torque g of
self-weight are received (shown in Fig. 10), the passive
torque Tpass generated by the antagonistic joint is shown
in Eq. (5), where Afy;s represents the angular displace-
ment caused by both external torque and self-weight. The
internal volume change of the muscles will cause internal
pressure changes. However, angular displacement and
internal volume deformations are assumed to be mini-
mal. For this reason, the internal pressure is assumed to
be the same as when no torque is received.
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Notably, although the contraction ratios and the internal
pressure of the two muscles are not the same when the
initial position of the robot arm is at any angular position
other than 6 = 0, passive torque generated from angular
displacement with constant internal pressure is a con-
stant value. Compliance is inversely proportional to the
average internal pressure. By adjusting the average pres-
sure, the passive impedance characteristic of the joint can
be adjusted, which is also similar to the human muscles.
Therefore, the joint can be regarded as a soft joint with
fixed compliance in any angular position with a certain
average internal pressure.

Fluid resistance of the hydraulic muscle

The hydraulic pressure dynamic in one of the muscles
is modeled via hydraulic flow through a variable cross-
sectional orifice in a plate and the rate of change in the
internal volume of the muscle. According to Fig. 9, each
servovalve is considered to be a linear-variable cross-
sectional orifice in a plate. Subsequently, the relationship
among the internal pressure dynamic P;, the internal vol-
ume dynamic V; of the rubber tube, and the flow rate Q;
of oil in and out of the rubber tube is expressed by Eq. (6),
where  is the bulk modulus of the hydraulic oil.
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The ideal flow rate Q; is expressed in Eq. (7), where Ky
is the opening ratio of the servovalve, which depends on
the command voltage; A is the maximum opening area,
C, is the discharge coefficient, and p is the density of the
hydraulic oil. Moreover, P; is the internal pressure; Py
and P,y are the source pressure and the atmospheric
pressure, respectively.

Py —P;

K,3ACy, 5 0<Ky<1
Q=40 Kyl =0 @)
KyalACy /% —1 <Ky <0

From Egs. (6) and (7), when an ideal pressure source that
can maintain the specified pressure is used, the change in
internal pressure is determined by the opening size of the
servovalve and the change in volume. The internal vol-
ume of the rubber tube is mainly determined by the con-
traction ratio of the hydraulic muscle. However, it also
slightly changes when the muscle radial expands due to
a change of internal pressure. This feature of slightly vari-
able volume makes a hydraulic artificial muscle different
from a hydraulic cylinder. In addition, the volume change
is opposite to the hydraulic cylinder: the volume becomes
smaller when elongated.

For an antagonistic joint, the muscle on one side is
contracting, and the muscle on the other side is forced
to elongate, while the rotation of the joint is subjected
to a large external torque. The internal volume of the
elongated muscle will be quickly compressed, and if the
valve opening size allows the oil out of the muscle at a
low level (which means that the theoretical outflow rate
is not large enough), the compression of internal vol-
ume will raise the internal pressure. Subsequently, the
hydraulic oil is forced to pass through the servovalve,
and then it flows into the oil tank. This fluid resistance
then acts as a damping force. This feature can be used
to adjust the damping, which would be impossible with
pneumatic muscles.

Dynamic model of the antagonistic joint

With additional actuation pressure difference
APy, the actuation torque generated (shown in
Fig. 11) at a certain angular position 6 is shown
in Eq. (8). Internal pressures of hydraulic mus-
cles 01 and 02 are P; = Pyyg— APpos — APyt and
Py = Pyayg + APpos + APy, respectively.
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Tact
Or

= K¢(Payg + APpos + APact)(€max — €hor — f)r

or
- 1<f(Pavg — APpos — APyct)(€max — €hor + f)r

= 2K¢(€max — €hor) APactr
(8)
By analogy with the passive torque from angular dis-
placement shown in Eq. (5), actuation torque is propor-
tional to the actuation pressure difference at any angular
position.

Safety-enhanced control strategy

of the antagonistic joint

Compliance and low inertia are the two basic characteris-
tics of safe robotic systems [15]. To improve its dynamic
impedance characteristics, we propose a simple imped-
ance control strategy to utilize the features of the hydrau-
lic muscle.

In this study, by taking advantage of the compliant
structure and incompressible liquid medium of a hydrau-
lic muscle, we proposed a simple second-order imped-
ance control to improve the dynamic characteristics
of the antagonist joint. When located near the desired
angular position, the manipulator arm is braked by clos-
ing both servovalves. Moreover, when the manipulator
leaves the commanded position for more than a certain
range, impedance control adjusts the internal pressure of
both muscles. Comparison of the proposed control and
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Table 2 Comparison of controllers

Controller Controlled variable Accuracy Dynamic compliance Stability
Position PID Position High No High
Compliance control Internal pressure Relatively low Adjustable compliance Relatively high
Impedance control Internal pressure Relatively low Adjustable compliance, damping and inertia Low

Proposed control internal pressure low adjustable compliance, damping and inertia relatively high

other ordinary strategies is shown in Table 2. The braking
method enhances the stability of impedance control by
eliminating the over-shoot during low-damping imped-
ance control when the manipulator arm approaching to
the desired position.

Impedance control comprises an outer impedance loop
and an inner loop. The control block diagram is shown in
Fig. 12. Model-based feedback corrects the contraction
force when the braid angle is changed. The outer loop
outputs the desired internal pressure of each muscle to
the inner loop based on the dynamic state measured by
the encoder. The pressure control of the two muscles in
their inner loop is a simple proportional control, and the
desired pressure is tracked by adjusting the opening size
of the servovalves in both hydraulic circuits. For better
realization of human-robot interaction, the impedance
controller is set to guarantee high apparent compliance.

The desired internal pressure of both muscles is shown
in Eq. (9), where Py; and Py, are the desired pressures of
the load-side muscle and the opposite muscle, respec-
tively. In addition, Py, is the average internal pressure.
Model-based feedback AP, and self-weight compensa-
tion AP represent the pressure differences required to
ensure that the manipulator can stay at the desired angu-
lar position, respectively. Moreover, AP, represents the
actuation pressure difference, which generates actuation

torque to the joint to improve its apparent impedance,
including apparent stiffness, damping, and inertia.

Py = Pavg - APpos — APge) — APyt (9)
Py =Pavg+APpos+APsel+APact

Concept of impedance control with the braking method

When an external force is received at the initial position,
the compliant structure of the artificial muscles allows
the manipulator arm to be rotated in a small angular dis-
placement, although the servovalves are closed. After this
angular displacement, a second-order impedance control
was used to adjust the actuation torque to decrease the
apparent stiffness, damping, and inertia. Because of the
existence of the second-order term, the actuation torque
will change shortly when the external force changes dur-
ing the movement. Subsequently, when the external force
disappears, and the manipulator arm returns to its initial
position, the arm rotates quickly under the second-order
impedance control. When it is approaching the initial
position in the braking range, both servovalves will be
closed quickly. Under the friction of the artificial mus-
cles themselves and the increased fluid resistance, the
manipulator arm will brake and stabilize near the initial
commanded position. This control strategy also helps

Tsel 1 APsel P avg -

2Ky (Emax — €nor)

+ Tact| 1

2K (Emax — Enor)

Braking
Controller

joint

uz Pr
Servovalve 9
Antagonistic

2 Servovalve [

P2

Pavg?

L(Emax = Enor)

Fig. 12 Block diagram of the variable second-order impedance control. The outer loop outputs the internal pressure difference equals
APact + APpos + APse, and the desired internal pressure of both muscles is shown in Eq. (9). Each inner loop includes a braking controller; which
controls whether the servovalve is closed or not; the control law is shown in Eq. (13)
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oil

4 7 7 3 7 7

Fig. 13 Reaction phases of the antagonistic joint when external torque from the operator is received. (1) Small displacement with a compliant
structure of the hydraulic muscle. (2) Second-order impedance control is fully involved to reduce the apparent inertia and damping. (3) When the
external torque disappears, angular velocity is increased to overcome the hysteresis nonlinearity of the muscle when returning. (4) It brakes and
stabilizes near the initial position with blocked servovalves
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reduce the lack of driving torque and the angular position
errors caused by the hysteresis of the contraction force
generated by both artificial muscles during returning to
the initial angular position. The whole reaction process—
when receiving the external force—is shown in Fig. 13.

This simple safety-enhanced impedance control strat-
egy uses the compliant structure of the artificial muscle
and the characteristics of the fluid medium, which is a
control strategy that can only be achieved by hydraulic
artificial muscles. A pneumatic muscle cannot use fluid
characteristics to control speed or adjust the damping.
A hydraulic cylinder or hydraulic motor cannot quickly
deform if a valve is blocked when the external force is
received. Because the initial displacement utilizes struc-
tural compliance, this impedance control strategy can be
realized by a low-frequency controller, which is not pos-
sible with traditional motor-driven mechanisms. More-
over, series elastic actuator increases complexity and
weight.

Model-based feedback and self-weight compensation

As mentioned, if one muscle contracts, the other mus-
cle must elongates. The change in their braid angle will
cause the contracted muscle to produce less force under
the same internal pressure, while the elongated one will
generate more contraction force. Therefore, a simplified
linear model is applied as feedback to correct the desired
pressure in both muscles. Internal pressure differences
APpos and AP of the two muscles when the manipulator
stays at a certain commanded angular position are shown
in Eq. (10). Here, APpos is consistent with Eq. (4): the
internal pressure difference required for the robot arm
to maintain a certain angular position. Moreover, AP
is used to compensate for the gravitational torque from
self-weight. As a one-degree-of-freedom joint with a lim-
ited range of rotation, the gravitational torque from the

self-weight is assumed to be a fixed value.
r
APPOS B Pang(Emax — €hor)
Tsel
2K¢(€max — €hor)"

(10)
AP =

Under the correction of this model-based feedback and
self-weight compensation, the manipulator arm can stay
at any commanded angular position, and the minimum
stiffness can be set to zero within the rotation range.

Second-order impedance controller

In this study, we focus on how impedance control can
adjust the apparent impedance of the antagonistic joint
to enhance its safety rather than precise control to imple-
ment target dynamics. Therefore, we ignore the dynamic
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characteristics (fluid resistance, compliance) and use a
simple variable impedance controller.

Assuming that the manipulator arm is a simple
rigid joint with only frictional damping, its simplified
dynamic model and the desired second-order behavior
are shown in Eq. (11), where tex is the external torque
received; B, M are the frictional damping and inertia
of the manipulator; Ky, By, My are the desired virtual
stiffness, damping, and inertia, respectively.

Mé + Bo + Text = Tact
Kq(8a = 0) +Ba(6a — ) + Ma(0a — 6) = Tex:
(11)
From Eq. (11), assuming that the desired angular veloc-
ity and the desired angular acceleration are zero, a simple
variable impedance controller can be obtained, shown in
Eq. (12) in the form of actuation pressure difference.

Kq(Bq — 0) + (B — By + (M — My)é
APact =

2K¢(€max — €hor)?
(12)

Combining Egs. (9), (10), and (12), the control laws of
two servovalves are shown in Eq. (13), respectively.

Kp(Pavg - APpos — APg] — APyt _Pl)
"y = if [0 — 6al > R
0
if10 — 64] <R
I<p (Pavg+ APpos + APge) + APqct _PZ)
= if 10 — 6al = R
0
if 16 — 64] <R

(13)
Here, u1, u3 are the commanded opening ratios; K, is the
proportional gain; APpos and AP are the pressure dif-
ference for model-based feedback and self-weight com-
pensation term shown in Eq. (10), respectively; APt
is the actuation pressure difference to adjust apparent
impedance shown in Eq. (12); R is defined as a braking
range discussed in the concept of impedance control in
the braking method section, which is the angular range
of setting the servovalves to be closed. A higher brak-
ing range setting means that when receiving an exter-
nal force, the manipulator arm needs to passively rotate
a larger range with the blocked servovalves before the
impedance control is involved; this results in a large ini-
tial apparent stiffness that is not easy to be moved at the
beginning. However, a smaller braking range will close
the servovalves too late when returning to the initial
position, and the manipulator arm cannot be braked well.
Considering the strength of the operator and the average
hydraulic pressure of the muscles, the braking range R is
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Fig. 14 Experimental setup for antagonistic joint driven by hydraulic

muscles with impedance control

experimentally set as a range of £1° above and below the
desired angular position.

Experimental results and discussion

The experimental setup is shown in Fig. 14. Two hydrau-
lic pressure sensors and a rotary encoder are used to
monitor the internal pressure of two muscles and the
motion of the manipulator arm. Two servovalves are con-
trolled via dSPACE DS1104 using Simulink environment.
The block diagram of impedance contorl is shown in
Fig. 12 and experimental conditions are shown in Table 3.

Compliance and stability experiments of impedance
control with baking method
Compliant reaction experiment
For the compliant reaction experiment, the manipula-
tor arm starts at the horizontal position. A 5 kg load was
used to emulate the external force generated by the oper-
ator during human-robot interaction. The initial angular
position is set to 0°, the average internal pressure is set to
1.5 MPa, and the supply pressure is set to 3.0 MPa. The
compliant reaction comparison when the 5 kg load was
appended at 1.0 s is shown in Fig. 15. The commanded
opening ratio is proportional to the command voltages
applied to servovalves.

From Fig. 15, without active impedance control, ser-
vovalves are closed all the time. Therefore, the apparent
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stiffness was high when the external force was received.
As a comparison, impedance control responded with
a compliant reaction. The 1° displacement and pressure
change in the first 0.6 s just after receiving the external
force was caused by the deformation of hydraulic muscles
while the servovalves were closed in the braking range.
The internal pressure of the load-side muscle and the
opposite-side muscle are decreasing and increasing due
to the change of the internal volume, respectively. Start-
ing from 1.6 s, angular displacement exceeds the +1°
braking range, and impedance control adjusts the inter-
nal pressure of two muscles. The average pressure quickly
decreases to the set value. Subsequently, the two muscles
begin to actively pressurize and decompress to improve
their dynamic compliance. Finally, the system is stabi-
lized at approximately 24° due to the low stiffness setting

When the hydraulic muscle antagonistic joint receives
external force under impedance control, it first produces
a displacement through the deformation of the muscle
themselves and then the impedance control becomes
involved to enhance the dynamic compliance of the joint.
The passive compliance before involving control can also
be adjusted by changing the braking range and average
pressure. The controller does not need to operate con-
tinuously at a high frequency as this control method uses
its own compliant structure, making it different from the
hydraulic cylinder. As a result, the several-kilogram-level
external force generated by an operator can easily shift
the antagonistic manipulator arm driven by hydraulic
muscles with the proposed impedance control, wherein
its dynamic compliance is improved for safer human—
robot interaction.

Sudden load separation experiment
The sudden load separation reaction comparison is
the same as in the above section by separating a 10 kg
weight load. The initial angular position is set at 0°, with
the 10 kg load attached. The manipulator is stabilized at
approximately —32° with impedance control and pas-
sively displace to —1.6° without impedance control. The
reaction after the 10 kg load is suddenly separated at 1.0 s
is shown in Fig. 16.

Impedance control with the braking method
responded with a smooth reaction until the initial com-
manded position. When the manipulator arm reaches

Table 3 Default experimental conditions of impedance control

Control cycle 1ms Supply pressure 3.0 MPa

Braking range +1° Average pressure 1.5 MPa

Virtual stiffness Ky 0.02 MPa/ deg Damping compensation B — B4 0.02 MPa - s/deg
Proportional gain Ky 50 %opening/MPa Inertia compensation M — My 0.0005 MPa - sz/deg
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Fig. 15 Compliance comparison when the 5 kg load is attached.
Upper: comparison of the angular position change. Middle: the
internal pressure change of two muscles with impedance control.
Bottom: the commanded opening size of two servovalves, where
0% is considered as fully closed. Positive means pressurization, and
negative means decompression

the braking range +1° at 2.0 s, both servovalves are
quickly commanded to be closed. Under the damping
effect of the hydraulic muscles, the manipulator arm is
quickly braked and stabilized near the initial position.
It is considered to be much safer than the pneumatic
muscles because the peak value of response angular
velocity is limited by the flowrate of servovalves. More-
over, no significant overshoot or oscillation appears
compared with the pneumatic muscles.

Notably, when the impedance control is no longer
involved, and both servovalves remain blocked start-
ing at 2.0 s, the internal pressure of two muscles is
increasing and is finally stopped at a much higher value
than the desired average internal pressure of 1.5 MPa

Load side muscle
Opposite muscle

Internal pressure [MPa]
(i8]

Time [s]

100

Load side servovalve
Opposite servovalve

50

Commanded opening size [%]
(=]

Time [s]

Fig. 16 Reaction comparison when the 10 kg load is suddenly
separated. Upper: comparison of the angular position change.
Middle: the internal pressure change of two muscles with impedance
control. Bottom: the commanded opening size of two servovalves

but closer to the supply pressure of 3.0 MPa. This can
be considered as the result of the oil leakage of zero-
lapped spool servovalves.

As a result, unlike pneumatic muscles, the manipulator
arm driven by hydraulic muscles with impedance con-
trol simply returns to its initial position with controllable
speed after the load weight is suddenly separated or after
a great impact.

Performance experiments

Step response experiment

The step response is shown in Fig. 17. The manipulator
arm is commanded to rotate between —15° and 15°.

At 1.0 s, impedance control starts to adjust the inter-
nal pressure to rotate the manipulator arm. When the
manipulator arm reaches 14° at 2.2 s, it reaches the
braking range. The servovalves are closed, and the arm
is quickly braked. Due to the larger angular position of
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the arm, the internal pressures of the muscles on the
two sides are significantly different. The increase in
pressure caused by the oil leakage in the servovalves is
also different. In the interval from 2.2 to 2.6 s, the inter-
nal pressure of the elongated muscle rises higher than
the other one. Hence, a reverse torque is generated,
which leads the manipulator arm to leave the braking
range. Although closing the valve can effectively brake
the manipulator arm, oil leakage will cause the manipu-
lator arm to hardly stay in the +1° braking range when
its angular position is much larger or smaller than the
horizontal position, resulting in lower accuracy.
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Fig. 18 Bode plots of the impedance control. Chirp input with
amplitude of 20°

Bode plot
We applied a chirp input to draw the Bode plots which
amplitude is set as 20°. The Bode plots are shown in
Fig. 18

Referring to Figs. 16 and 17, the braking method will
slow the manipulator arm when it is close to the desired
position so that there will be no large overshoot under a
low damping setting. This makes the system have a larger
phase margin and better stability than ordinary imped-
ance control under the same impedance setting.

Compared with common hydraulic actuators, the
response speed of an antagonistic joint is lower. The main
reason for the low speed is that the operating pressure
of hydraulic muscles is much lower. In order to ensure
that the hydraulic pressure does not exceed the pres-
sure resistance of the hydraulic muscle, the supply pres-
sure is set at 3.0 MPa. For the general servovalves used,
this pressure is lower than the corresponding supply of
21 MPa, which results in a flowrate that is much lower
compared to the hydraulic cylinder.

Adaptability to sudden impact disturbance

Impedance control can adjust impedance parameters
to improve safety according to the situation. For exam-
ple, adopting a higher dynamic compliance setting when
directly collaborating with an operator, or reducing com-
pliance to enhance stability in situations such as disaster
relief.
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Fig. 19 Reaction comparison impacted by a 10 kg load dropped

by 15 cm. Upper: comparison of the angular position change with
different impedance parameter settings. Middle: comparison of the
angular position velocity. Bottom: comparison of the internal pressure
of the muscle on the opposite side of the load

Here, we reduced the apparent compliance and
increased the damping and inertia to improve the stabil-
ity under sudden impact disturbance, while the rest of the
experimental conditions remain unchanged.

Similar to the safety evaluation section, we also used
the dropped load to evaluate the improvement of the
safety of the antagonistic joint under the impedance con-
trol. We used a 10 kg load with greater impact to drop
from 15 cm. The reaction results are shown in Fig. 19,
which includes the pressure change of the muscle on the
opposite side of the load that is forced to increase due to
the impact.

It can be seen that, unlike in the compliant reaction
result, the manipulator arm leaves the braking range
more quickly under the sudden impact disturbance,
allowing the impedance control to become involved more
quickly. By comparison with the dropped load that will
be bounced without impedance control, the manipulator
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arm will cushion the impact of dropped load and transi-
tion relatively smoothly to a stable position. As a result,
the reaction under sudden impact disturbance can be
optimized by performing virtual impedance parameters
considering the potential sudden disturbance under dif-
ferent situations.

From the perspective of pressure change, the pressure
of the opposite side of the load without impedance con-
trol reaches a maximum of 7.0 MPa, which is near the
pressure limit of the hydraulic muscle. The maximum
pressure under impedance control is less than 5.0 MPa;
thus, the potential danger of pressure overload is also
effectively reduced.

Conclusion

The stability of a hydraulic muscle actuator is proven to
be higher than that of a pneumatic muscle actuator owing
to its lower angular velocity and less severe oscillation
against sudden load separation or impact disturbance.

Under the proposed impedance control with the brak-
ing method, the antagonistic joint driven by hydraulic
muscles increases its apparent compliance and decreases
apparent damping and inertia during the movement. This
reduces possible harm to the operator in collaborative
tasks. The antagonistic joint can be easily shifted by the
operator (shown in Additional file 1). The experiments
show that hydraulic muscles with active impedance con-
trol have great potential in implementing soft power
robots with sufficient dynamic compliance and stability.

The compliant structure of hydraulic muscles allows
the manipulator arm to produce a small range of dis-
placement without active control, and the fluid medium
allows the arm to better control the rotation velocity
under any condition. These characteristics allow a robot
actuated by hydraulic muscles to possibly take a more
unique control strategy.

Therefore, we proved that antagonistic joints driven by
hydraulic muscles are safer in some cases due to higher
stability, and the proposed impedance control that takes
advantage of the hydraulic muscles can further improve
its dynamic compliance. Power soft robots driven by
hydraulic muscles have shown potential to achieve com-
plex collaborative tasks.

The increase in internal pressure caused by oil leakage
when the servovalves are closed decreases the accuracy.
In future work, over-lapped spool servovalves will be
used, and internal pressure will be controlled by a bet-
ter impedance control strategy. By observing the changes
in hydraulic pressure and the motion of the manipula-
tor arm, a disturbance observation can be used to regu-
late the impedance characteristics for high-accuracy
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movements and high safety and compliance when receiv-
ing an external force.
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The online version contains supplementary material available at https://doi.
org/10.1186/540648-021-00194-5.

Additional file 1. Introduction movie. Additional file shows the compari-
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proposed impedance control.
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