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Abstract: Inspired by improving the adaptive capability of the robot to external impacts or shocks,
the adjustable stiffness behavior in joints is investigated to ensure conformity with the safety index.
This paper proposes a new soft actuation unit, namely Adjustable Stiffness Rotary Actuator (ASRA),
induced by a novel optimization of the elastic energy in an adjusting stiffness mechanism. Specifically,
a stiffness transmission is configured by three pairs of antagonistically linear springs with linkage
bars. The rotational disk and link bars assist the simplified stiffness control based on a linear
transmission. To enhance the elastic energy efficiency, the force compressions of the linear springs are
set to be perpendicular to the three-spoke output element, i.e., the output link direction. Besides,
the ASRA model is also formed to investigate the theoretical capabilities of the stiffness output and
passive energy. As a simulated result, a high passive energy storage ability can be achieved. Then,
several experimental scenarios are performed with integral sliding mode controllers to verify the
physical characteristics of the ASRA. As trial results, the fast transient response and high accuracy of
both the position and stiffness tracking tests are expressed, in turn, independent and simultaneous
control cases. Moreover, the real output torque is measured to investigate its reflecting stiffness.

Keywords: Adjustable Stiffness Rotary Actuator; variable stiffness transmission mechanism;
energy efficiency

1. Introduction

Traditional robotics mostly use stiff actuators to perform movement tasks. However, such an
actuator does not guarantee the safety requirement as well as the quality performance in the cases of
human contact or complicated environments. In order to deal with the drawback, a variable stiffness
strategy based on a mechanical mechanism has been introduced in many studies [1-7], which has
high feasibility for compliant robots [8,9]. To be more specific, the stiffness feature of the joint can be
altered by an adjustment agent such as springs, which is not only guaranteed safety to humans and
avoided destruction to the robot [10-15], but also the simultaneously controllable ability of both the
position and stiffness [16,17]. Much research effort has been made on the development of these variable
stiffness actuators (VSA). Therefore, many different mechanisms have been designed for different
applications. Thus, to get an overview, the VSA design principles have been broadly considered.
From this perspective, the elastic elements of current VSA designs can be temporarily divided into two
arrangement forms as serial configuration and antagonistic configuration [18,19].

A well-known example of the serial-configured VSA is a series elastic actuator (SEA) in which
the mechanical compliance elements were serially linked to the controllable equilibrium position
actuators [20-24]. In order to conduct a straightforward process for this purpose, at least two
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different actuators are separately required. In detail, one actuator takes over the position control
and another one adjusts the stiffness, which is assisted by elastic elements [24-27]. The outstanding
features of this mechanism design are the high actual bandwidth and great faithfulness of the
output torque. Those characteristics are relatively suitable to be embedded in compliant robots [11,
28]. Nevertheless, the energy efficiency of such series-configurated VSA degraded when adjusting
the stiffness transmission [29]. A variable stiffness joint (VS]) was introduced in Reference [30],
where four-leaf springs are fixed in the principal axis and set perpendicularly to each other. Based on
the harmonic gear mechanism, the distance between the rollers and the principal axis is adjusted.
It means that the effective length of the spring, as well as the joint stiffness, is modified. In Reference [31],
another structure was designed to change effective stiffness using the torsion spring (TSA). The stiffness
adjustment was mounted to the wire-rope and idle pulleys, which were driven by the cam-bearing
followers. Here, the torsion springs make a sliding groove for the cam-bearing followers, which assisted
the rollers. Nonetheless, the general drawback of the aforementioned prototypes (VS], TSA, AwAs [6],
etc.) was the limited range of the stiffness adjustment in a specific region of activity, owing to the
intrinsic elastic unit. What is more, the torsion springs are used in most variable stiffness rotary
actuators, where the variable stiffness mechanism could affect the position of the output link. In the
meantime, several designs employed the linear spring, leading to a more complicated structure. For the
antagonistic-configuration VSA perspectives, the compliant component consists of one or more pairs of
elastic elements [32-35], which were mounted together in imitating the skeletal muscle of human joints
to drive position as well as modify stiffness output. Nonetheless, the shortcoming of this designed
structure could affect not only the control synchronization but also the position of the output link.

In order to overcome the above drawback, this paper designs a novel compact Adjustable Stiffness
Rotary Actuator (ASRA) according to a new adjusting stiffness mechanism, which is controlled
independently of the position control system. Moreover, the total system structure is not only a simple
design, but also high-energy storage based on intelligent mechanical design, which is a potential
generic solution of the compliance module. Specifically, the variable stiffness transmission employs
three pairs of linear springs with an antagonistic arrangement to realize the stiffness adjustment.
Besides, it should be emphasized that the configuration of the externally affected force direction is
perpendicular to the spring force compression. Hence, the proposed actuator exhibits significant
improvements over the present designs based on torsion spring or extension springs/cable assemblies.
Additionally, the mathematical model of the ASRA is also formed to verify a high passive energy
storage ability in simulation. Then, a series of experimental scenarios for both the position and
stiffness tracking task, including independent and simultaneous control, is established to investigate
the physical characteristics of the ASRA.

The structure of this paper is as follows. Section 2 presents the working principle, mechanical
design, and prototype fabrication of the proposed actuator. Section 3 describes the modeling and
simulation of the ASRA. Then, the operation principle and the control scheme are exhibited in Section 4.
The experimental results of the ASRA are carried out to evaluate in Section 5. Finally, the conclusions
and future works are provided in Section 6.

2. Mechanical Design of the ASRA

In this section, a new design of the ASRA based on antagonistic pairs of the compression springs is
presented. The three circular modules are evenly arranged on a circle and moved on a radial trajectory
at the same time as the motor spins. Six linear springs are always compressed or released at the same
time and with the same amount by the new stiffness transmission mechanism design, which modifies
independently with the position control system.

2.1. Design Description

The detail of the adjusting stiffness mechanism is depicted in Figure 1a. The lead screw (4) is fixed
to the shaft of the motor (2) using the coupling (3). The upper side of the rotary disk (7) is coupled
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to the screw nut (5) by the long bar (6). Meanwhile, the lower side is engaged with three circular
modules (12) by three short bars (9). These circular modules are mounted on the six linear springs (10),
which can slide on the three guiding bars (14). The six linear springs are divided into three antagonistic
pairs, which are coupled with the three-stroke output element (11). The three-spoke output element
is toughly connected to the output link (1). Figure 1b shows the design of the proposed ASRA in a
one-degree-of-freedom (1-DOF) system. As shown in this figure, the main components of the system
consist of a base (16) as the first link, a cylinder (15) as the positioning actuator, a motor as the adjusting
stiffness actuator, a set of bearings (8), and an adjusting stiffness mechanism inside the intermediate
link (13).

Figure 1. Three-dimensional (3D) model of the one-degree-of-freedom (1-DOF) manipulator with the
Adjustable Stiffness Rotary Actuator (ASRA): (a) Explosive view. (b) Full sectional view. 1—Output Link,
2—Adjusting stiffness motor, 3—Coupling, 4—Lead screw, 5—Screw nut, 6—Long bar, 7—Rotary disk,

8—Bearing, 9—Short bar, 10—Linear spring, 11—Three-spoke output element, 12—Circular module,
13—Intermediate link, 14—Guiding bar, 15—Principal cylinder, 16—Base, 17—Shaft coupling,
18—Aluminum sole, 19—Thrust bearing.

In order to provide an effective torque for the output link, each spoke of the three-spoke output
element is coupled perpendicularly with each pair of linear springs. Thus, the output link direction
suffers from the optimal compression force of the total springs. It should be noted that the operation
of the adjustable stiffness mechanism does not affect the position of the joint thanks to the ability of
compliant actuator design. Additionally, this mechanism is designed without the gear transmission,
the internal friction has been significantly alleviated during the operation process of the inside
rotational elements with the assistance of ball bearings, which plays an important role in increasing
the elastic energy storage. Moreover, this proposed actuator is completely feasible in the case of the
robot-environment interaction with a fast collision or high force peaks. Besides, the compact ASRA is
capable to deal with the collision and also absorb the effect of the impact. In particular, the adjusting
stiffness at constant load is crucial since the slight force interaction with the environment is desired.
On the other hand, the adjusting stiffness at a constant position helps the robot system maintain a low
position error in the presence of disturbances by a proportional valve.

It is worth noting that the range of the angle deflection is not influenced by the mechanical
transmission including a disk or link bars. Therefore, this angle deflection can be measured by the
deviation between the principal cylinder and the actual output position of the ASRA, which is limited to
28.6° in the minimum stiffness condition. The component specifications of the ASRA are listed in detail
in Table 1 Furthermore, the stiffness ranges from zero to infinity, so that theoretically, the deflection
angle is nonexistent.
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Table 1. General specifications of the ASRA.

Parameter Description Value Unit
0 Angular deflection between an immediate link and outputlink ~ 28.6  degree
4 Radius of the rotary disk 25 mm

do Initial length in case of maximum cylinder retracting 230 mm
y Motion range of the cylinder 80 mm
dy Length of the long hinge joint 100 mm
dy Length of the short hinge joint 300 mm
I Range of motion of the circular module 10 mm
L Initial length of the spring 40 mm
Ly Compression length of each pair of the springs
Ly Extension length of each pair of the springs
R Distance from an applied force of springs to the joint center 40 mm
n Ratio lead of the lead screw 2 mm
n Ratio of the gearbox 35:1
a Initial distance from the circular module to a rotary joint center 56.5 mm
Weight of the ASRA 0.677 kg
b Long bar length 130 mm
d Short-bars length 52 mm
c Range of motion of the screw nut 25 mm
K Inherent spring stiffness 4650 N/m

2.2. Working Principle

The working principle of the proposed adjustable stiffness mechanism is depicted in Figure 2.
The lead screw shaft is rotated with the spin of the motor shaft through the coupling. The rotational
motion of the screw shaft is translated to the linear motion of the screw nut, which then pushes or
pulls the long bar to move. The motion of the long bar leads to the rotational motion of the disk. Then,
the motion of the rotary disk is converted to the linear motion of three circular modules along the rails,
which simultaneously compresses or releases the set of six linear springs.

Figure 2. Principle of the ARSA based on the motion of the rotary disk to linear motion of three circular

modules along the rails. (a) Decreased stiffness. (b) Increased stiffness.

As seen in Figure 2a, the motor spins with a clockwise motion and turns the lead screw by the
coupling, which makes the screw nut move toward the motor. Hence, the rotary disk is forced to
rotate in a clockwise direction. Successively, the three circular modules are pulled into the center of the
disk through the three short bars and guiding bars, which compress six linear springs concurrently.
Thus, the connection between the intermediate link and the output link becomes “stiff”. In other
words, if the springs are compressed enough, the intermediate link and the output link could be
fixed together, and the actuator becomes a conventional “stiff” one. In contrast, the motor shaft spins
in a counterclockwise direction, which makes the screw nut move away from the motor and forces
the rotary disk to rotate in the opposite direction. The three circular modules are then pushed to
simultaneously move away from the center of the disk and release the six springs. The three-spoke
output element can now oscillate with respect to the intermediate link, thus making the actuator
become “soft”, as shown in Figure 2b. In this mechanism design, the three circular modules are evenly
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arranged on a circle and move on a radial trajectory at the same time as the motor spins. It implies
that the six springs are always compressed or released with the same amount in synchronization.
Therefore, this design of a stiffness adjustment mechanism can be operated independently with the
position control system.

2.3. Prototype Fabrication

In order to endorse the perspective on the effectiveness of the ASRA, a prototype is fabricated
in Figure 3. In detail, the pairs of the spring are separated for each spoke module to enhance the
energy storability: they are selected with an initial length L and an inherent stiffness K;. It may be
noted that the general size of the actuator needs to be optimal. Thus, the suitable distance R from the
applied spring forces on the three-spoke output element to the joint center is considered in the design
requirement. Additionally, the three-spoke element shape, the radius r of the rotary disk, the link
bar lengths, i.e., the connection point with the long b and short bars d, are authentically calculated to
provide a sync motion.

T T T T T T T T T T T T T T T T T Ty e wemy |

[

[mF———— e e — = —
1

Figure 3. The test rig fabrication of the flexible joint induced by ASRA: (a) The ASRA design;
(b) The ASRA reality; (c) the flexible joint induced by ASRA; 1—Motor, 2—Optical encoder, 3—Load,
4—Loadcell, 5—Cylinder, 6—Position transducer, 7—Proportional valve.

Therefore, the specification of the experimental devices is listed in Table 2. A brushless direct
current motor (model: Maxon DCX26L-GB-KL-24V, 60 W, Stock Company, Obwalden, Switzerland)
with a gearbox ratio of 35:1 is adopted as a stiffness control motor. A capacitive encoder is integrated
on the rear of the motors with 4096 pulses per revolution to measure the position of the motor,
which manages the theoretical stiffness. An optical encoder (model: E40H12-1024-3-V-5, Autonics,
Korea) with a revolution of 1024 pulses per turn is mounted to determine the actual output link position.
Meanwhile, the position of the principal cylinder can be determined by the position transducer (model:
TR-100, Novotechnik, Ostfildern, Germany). The control pressure of the cylinder is achieved by
a proportional valve (MPYE-5-1/8-LF-010-B, Festo Company, Seoul, Korea). In addition, the joint
interacting torque is measured by a torque sensor (Bongshin CDFSA). The control system setup is
deployed as a standalone device using a PC programmable through NI-6229 card and QUAD-04 card.
The system is built in a real-time Windows target toolbox on the MATLAB-Simulink environment and
a sampling time of 0.005 s.
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Table 2. Specifications of the experimental devices.

Device Description
Type: Maxon DCX26L-GB-KL-24V with Gear ratio: 35:1
Motor Nominal speed: 5060 rpm; Nominal torque: 32.6 mNm

Optical encoder: 4096 pulses/per
Type: Festo DSNU-5-16-25-P-A
Piston diameter: 20 mm; Stroke length: 100 mm
Type: Robot Electronics MD-03
Power supply: 24V,20 A
Type: Festo MPYE-5-1/8-LF-010-B

Cylinder

Motor driver

PPR Valve Max pressure: 10 bar; Power supply: 24 V
NI-6229 AI/AO: 12 bits (resolution)
DAQ Card MEASUREMENT PCI-QUADO4
Loadcell Type: Bongshin CDFSA-10; Rated output: 1.0 mV/V
Position transducer Type: TR-100; Length: 100 mm
Rotary encoder Type: E40H12-1024-3-V-5; Resolution: 4096 pulses

3. Design ARSA for the Flexible Joint

3.1. Dynamic Model

This subsection described the dynamic model of the flexible joint induced by ASRA. Based on the
schematic illustrated in Figure 4, the movement equation can be formed as follows:

M()q' + Boq +To = Te
Mlél + qul —To=Tp 1
le.].z + 32‘72 + T =Tm

where M;, B; (i =0, 1, 2) denotes the total inertias and damping respectively (the output link, the position
and stiffness control actuators with gearbox, and other mechanisms), g, 41, and g, are the positions,
in turn, of the output link, the cylinder, and the adjustable stiffness motor, Tp and 1, are the torque
required by the cylinder and the stiffness motor respectively, 7. is the external torque on the output
link, and 7, and 7 are the torques of the elastic spring and resistance, respectively.

As shown in Figure 4c, the correlation between the motion of the cylinder y and the joint angle of
output link g can be derived by:

y = \/d§ + 2 — 2dydycos(m — 1) — do 2)

where djy and y denote the initial length in a maximum retracting and the end-effector position under
the cylinder act, and d; and d; are the fixed length of the hinge links.

To acquire the relation velocity between the actuator and the joint motion, take the derivative of
(2) with respect to time, as follows:

ay . didpsin(mt—gq)
I \/d% + d% —2dydycos(m—q1)

y a1 =J(q1)3 3)

where [(g1) is a Jacobian value of the joint.
Therefore, a principal torque acting on the joint can be formed as:

tp = J"(q1)(Fp = Fy) 4)
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where Fp = P1A; — P»A; is the force on the piston including the air pressure, P;, and the piston area,
Aj, (=1,2)in the jth chamber, and Fy derives the friction of the piston rod. Based on Reference [36],
the relationship between the cylinder force and an input signal is provided as follows:

Fp = Kcu ®)

where K, is a control coefficient and u is the control input signal.
Additionally, the maximum value of the joint angle is constrained by the length of the cylinder
Ymax In the case of maximum extending. Thus, the motion range of the flexible joint can be defined as:

d? +d2 - d @ +d2—(dy+ Ymax)
-1 % _ -11%1 % 0 T Smax
cos (—2 i ) <m—q Lcos ( 2dd, (6)

The position
control cylinder o

m

T
Bl

B

1

The adjusting
stiffness motor

(a)

Motor

Figure 4. The flexible joint is induced by the ASRA schematic: (a) Structural model; (b) Three-dimensional
design; (c) The architecture of the joint.

3.2. Stiffness Model

This subsection defines the adjustment stiffness model of the ASRA. To start with, the output link
is fixed to the three-spoke module, when any external impacts occur to the spoke spring structure,
the springs will be compressed or extended as shown in Figure 5. Considering a pair of the antagonist
linear springs (see in Figure 5a), the axial forces are generated by each of the springs when the complaint
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three-spoke module (see in Figure 5b) is diverted from the equilibrium position by a deflection angle
of 6 (see in Figure 5c). These forces can be defined as follows.

{ Fy =K(L-Ly)

) :KS(L_LZ) 7

where L1 = /a2 + R? — 2aRcos(60° — 0), L, = /a> + R2 — 2aRcos(60° + 0) and a = VL2 + R2 1.

Figure 5. Schematic diagram of the stiffness adjustment principle: (a) A pair of forces applied on the
three-spoke output element; (b) Effect of the rotary disk; (c) Stiffness will change when the screw nut
slides up and down; a is the initial distance from the circular module to the joint center, R is the distance
from the applied force of springs to the joint center, L is the initial length of the spring, [ is the motion
range of the circular module, L; and L, are the compression and extension length of each pair of the
springs respectively, 0 is deflection angle between the output link and the immediate link, ay and «a;
are the deflection angles of the applied force spring in the three-spoke element respectively, r is the
radius of the rotary disk, b and d are the lengths of the long and short bars respectively, and c is the
motion range of the screw nut.

Successively, the axial force applied in each spoke is gathered as follows:
F = Fycosaq — Fcosan (8)
[24R2_z2 I24R2_a2
where a1 = cos‘l(lJZFL—lRa) -90% and a, = 90° — cos‘l(szrL—zRu)
Then, the elastic energy storage at the compression springs is formed as follows:

X 2 2
E= 3f Fdx = 3Ks(x% + x%) = 3Ks[(L - R?=2y1Ra+ a2) + (L — \|RZ2=2y7Ra+ az) ] 9)
0

where x; = L-L;, (i=1, 2),y1 = cos(60 —m/3) and y, = cos(0 + 1t/3).
Thus, the elastic torque can be formulated as:

JE 273R0<L — \RZ=2y1Ra + a2) . 2)/4Ra(L — y/R2=2y,Ra + az) W
Ty = — = —
R s VR*=2y1Ra + a2 JRZ = 2y,Ra + a2
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where y3 = sin(0 —n/3) and y4 = sin(6 + 1/3).
Besides, the joint stiffness is obtained by taking the derivative of (10) with respect to the angular
deflection of 6, which can be described as:

7,
Kj =55 = f(12,0) an

After defining the properties of the ASRA from (7) to (11), it is noteworthy that its performance is
only influenced by two factors, including the position of the circular module and the angular deflection
0. Meanwhile, the other parameters are fixed, such as the inherent spring stiffness K, the length of the
bars b and d, and also the distance from the applied force point of springs to the rotary joint center R.
When the output link is impacted, the ASRA is resisted by the controlled spring length, namely the
circular module movement. Therefore, the external torque output is related to the position of the
circular module.

The real output position of the flexible joint g can be straightly determined by an optical encoder
through the output link. Consequently, the deflection angle can be extracted from the output position
disparity between the cylinder q; and the real output link 4.

0=9-qn (12)

For this design, the long and short bars are mounted to the rotary disk at the same radius. Thus,
the position of the circular modules can be calculated based on the motion range of the screw nut on
the lead screw, which is expressed as follows:

d-c d-g2-n-n

l:—:

5 5 (13)

where g, is the position of the adjusting stiffness motor, # is the ratio of the gearbox, and 7 is the ratio
of the lead screw. Additionally, the value [ is the range of motion of the circular modules, which is
designed. Thus, the range of g5 should be set as:

I-b

Oquﬁd'n.n

(14)

From (7), (8), and (13), the resistance torque for the motor to adjust the stiffness can be calculated as:

T = (F1sinay — Fasinas) (15)

d-n-n

Figure 6a depicts the simulation results in the output stiffness with the various positions of
the circular module. It is easily seen that the larger inherent stiffness has a more effective working
range of the ASRA. The intrinsic spring stiffness will thus affect the nonlinearity of the stiffness curve.
According to the installation space and the desired stiffness of the output link, the linear spring stiffness
is selected at 4.65 kN/m for the proposed prototype. Figure 6b—d express, in turn, the simulation results
of the stored elastic energy, the elastic torque, and variable stiffness from the circular module as the
range of motion from 2 to 10 mm.
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Figure 6. The simulation results: (a) The output link stiffness in the variation of intrinsic spring stiffness,
(b) elastic torque, (c) elastic energy stored in the spring, and (d) stiffness of the ASRA.

4. Control of the ARSA

In this section, we address the total design procedure of the proposed tracking control for the
flexible joint induced by ASRA. In the control procedure, a nonlinear sliding manifold and its attractor
dynamics are derived, and tracking control is presented accordingly. The control objective is to
generate the input signal for the actuator to behold how its actual position tracks the desired position.
The structure of the proposed control is presented in Figure 7. As explained in the above-mentioned
analysis, the output stiffness of the actuator is determined by the position ! of the circular module, i.e.,
inversely solving the stiffness model in (11). In addition, the reference signal block provides the desired
trajectory position g;4 and stiffness K;. The position controller is responsible for guaranteeing that
the principal cylinder follows the desired position trajectory. In the meantime, the stiffness controller
handles the errors from the feedback position of the adjustable stiffness motor g, and the desired
position of the motor g,4; before that, the desired position g5 can be computed by the actual deflection
angle 0 and the desired stiffness K;;, and this computation is shown in (11). Inspired by the finite-time
stability from References [37-39], an integral sliding mode controller (ISMC) is employed. The surface
of the ISMC is defined as follows:

t
o =e + A j(; ei(x)dx (16)

where ¢; = gq,; — g, are the position errors between the desired trajectory and the actual response,
Aj is positive coefficients of the sliding surface, and i = 1, 2 implies the signals of the position and
stiffness, respectively. After 4147 and g, are determined, the control signal will be chosen to perform
the experiment trials, as follows:

g = K! [Qid + A3ler +pinoi + piasign(o; )] (17)

where p;; and pj, are positively designed parameters.
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Figure 7. Structure of the control scheme for the flexible joint induced by ASRA.

5. Experiment and Results

The dynamic model has been commented on in the simulation results by the mathematical
equations. Successively, to confirm the characteristics of the ASRA, the one-degree-of-freedom joint
test rig is built with the device specifications, which are listed in Table 2. Then, the implementation
aspects, including the smooth multi-steps response and the sinusoidal tracking, are carried out to
test the position and stiffness variations. It is worth noting that the computed output stiffness in
(11) assists to determine the actual output stiffness based on the feedback of the angular deflection
O due to the fact that it cannot be directly measured in the actuator. Therefore, the stiffness tracking
performance can be evaluated from the position control performance of the stiffness motor through
the theoretical stiffness model. In detail, the integral sliding mode controller ISMC) is applied for
the position tracking control. Next, the response performances of the ASRA are analyzed under
the no-load condition and the 2 kg load, in which the load is attached to the output link cover for
the tracking experiments. Hence, the designed controllers are adopted in this research to control
the principal torque based on the cylinder and the motor by adjusting the spring contraction to the
desired stiffness. These parameters of the ISMC designed for the system at each actuator are chosen
for the position controller K;. = 4.5, A1; = 5, p;; = 2, p;, = 1.5, while for the stiffness controller
Ky = 1.5, Ap1 = 6, pp1 = 1.25, py, = 3. In order to validate the genuine perspective on the tracking
performance of the ASRA in the system, the trial scenarios are separated into the smooth multi-step
tracking and the sinusoidal tracking under external load variation. The experimental testbench is
established as seen in Figure 3c. Moreover, to verify the reflection of the stiffness, the real output torque
measurements are performed.

5.1. Smooth Multi-Step Tracking

In the smooth multi-step tracking, the position variation is executed for different loads (no-load
and 2 kg load) at the 100 Nm/rad stiffness condition. The desired tracking within the range of [0, 40°]

in different step-time conditions is 10 s. In Figure 8a, the integral absolute errors (Lp[e] = 4 /( fOTIeIZ)/ T)

where T is the total experimental time, they are approximately 0.4212° and 0.7768° for no-load and 2 kg
load, respectively. Therefore, it is easily seen that the time to steady-state and the error amplitudes
will be larger when the load is attached. Nevertheless, this drawback can be handled by the suitable
controller gains; here, those control parameters are fixed in the experiment. Successively, in Figure 8b,
the desired theoretical stiffness with an amplitude variation from 30 Nm/rad to 150 Nm/rad is also
examined under the two above-mentioned load conditions. The integral absolute errors for the 2 kg
load condition is approximately 0.9866 Nm/rad, which is slightly larger than that for the no-load of
0.8619 Nm/rad. Specifically, more load will enlarge the overshoot amplitude of the system. This result
propounds that stiffness control is affected by the external load.
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Figure 8. Smooth multi-step tracking results: (a) Position control, (b) stiffness control.
5.2. Sinusoidal Tracking

In this part, the sinusoidal tracking experiments are divided into three aspects to appraise the
tracking performance of the ASRA in the system: independent tracking position and theoretical
stiffness, then both for simultaneous tracking, which is exhibited in Figures 9 and 10, respectively. In the
first aspect, the position tracking performance is investigated with respect to a sinusoidal amplitude
of +40° at 0.5 Hz under no-load, and an external load of 2 kg is added. Meanwhile, the theoretical
stiffness is set to a fixed value of 50 Nm/rad. As a result, Figure 9a exposes that the tracking trajectory
has higher accuracy without any load. The bound of the tracking error without load nearly equals two
times that of adding the external 2 kg load, from +1.85° to +3.6°. These results indicate that the external
load gently affects the position tracking performance. Figure 9b depicts the experimental stiffness
tracking results at the sinusoidal reference signal with an amplitude from 10 to 130 Nm/rad and a
frequency of 0.5 Hz for different loads. The bound of the stiffness tracking error is about 4 Nm/rad,
and the integral absolute error is 0.814 Nm/rad without the external load. Meanwhile, the stiffness
tracking error amplitude and its integral absolute error expand to 7.5 Nm/rad and 0.9701 Nm/rad,
respectively. So, the stiffness tracking response is slightly affected by the external load.

Toinvestigate the ASRA for potential practical applications, the simultaneous tracking is considered
for the system under the aforementioned different external load conditions. Hereby, the sinusoidal
trajectories of the position and the stiffness are a peak-to-peak of +40° and a range of 10-130 Nm/rad at
the same frequency of 0.4 Hz, respectively. Then, the experimental results are expressed in Figure 10.
When the system worked in the no-load condition, the errors of the position tracking and stiffness
tracking had peak values of 4° with the integral absolute error of 0.9785° and 5 Nm/rad with the integral
absolute error of 1.188 Nm/rad, respectively. After adding the external 2 kg load, the maximum tracking
errors increased, in turn, to 7° and 10 Nm/rad, and the associated integral absolute errors expanded to
1.042° and 1.381 Nm/rad. Based on these experimental results, the tracking correctness of both controls
for the position and stiffness are slashed by the external load. On the whole, a significant reciprocal
intervention can be noticed of the position and stiffness control when compared to quantitative results
between the independent and simultaneous performance in the same load condition. This intervention
significantly influences not only the effectiveness of the tracking control but also an opportunity in
terms of simultaneous controller development.
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Figure 9. Sinusoidal tracking results: (a) Position control, (b) stiffness control.
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Figure 10. Simultaneous control for the no-load and the 2 kg load conditions. (a) Position tracking,
(b) stiffness tracking.

5.3. Actual Stiffness Reflection

In order to assess the honesty of the ASRA in different stiffnesses, the output link is set up so that
it touches the wall. The experiment is repeated with each position of the circular module (from 2.5 mm
to 10 mm), it implies that the stiffness is stable, whilst only the position of the principal cylinder is
changed. The deflection angle 0 is derived from the output position disparity between the principal
cylinder, g1, and the actual output link, g, which means that the related signals are measured from the
optical encoder and position transducer. In the meantime, the actual interacting torque is determined
by the load cell. As a result, in Figure 11, the slope of the torque arm is a reflection of the stiffness
of the joint using ASRA, which is proportionately increased as the position of the circular module
increases. In detail, the theoretical torque curve and the actual output torque are the dashed and
the solid lines, respectively. Furthermore, the hysteresis phenomenon of the output torque can be
recognized during the inflation and deflation phase, which tends to be inversely proportional to
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stiffness. This hysteresis can be considered as the mechanical specificity of internal friction and the
backlash of those components in each other.

12

1=10mm  1=85mm

Torque arm (Nm)

0 3 6 9 12 15
Deflection Angle 0(°)

Figure 11. Stiffness reflection curve investigation.

6. Conclusions

In this work, the new compact actuator called the ARSA and its mechanical design, modeling, and
control in experimental verification were presented. Due to an antagonistic configuration, this design
brings out a significant efficiency of the elastic energy storage as well as minimizes the friction in the
new force transmission mechanism. The designed miniaturization is achieved using a novel rotary
spring module. It was noted that a three-spoke output element works as a linking basement for the
output link, which links three pairs of antagonistically linear springs. The mathematical model of the
actuator was analyzed in simulation and the proposed control scheme was applied to verify the fidelity
of the ASRA. For evaluating the overall system, several experimental trials were accomplished by a
series of scenarios with different external load conditions. The experimentally preliminary results of
the ASRA showed the capability of adjustable stiffness impedances within a high accuracy with good
fidelity. For future work, additional studies may include further development of the control scheme to
take advantage of the ability to rapidly transform from “stiff” to “soft” and vice versa of the stiffness
adjustment according to the safety and real application needs.
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