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Abstract: The current state-of-the-art of variable stiffness actuators consists mostly of
different concepts for single-degree of freedom joints. However, in bio-inspired robotic
applications, multiple degrees of freedom variable stiffness actuators are often desired.
Currently, this is usually achieved by cascading single-degree of freedom actuators. The
innovation presented in this work is a two-degree of freedom variable stiffness actuator using
the mechanically adjustable and controllable equilibrium position actuator (MACCEPA)
concept. The presented actuator is not a cascade of two single-degree of freedom actuators,
but centralizes the two degrees of freedom in one single joint. Equilibrium position and
stiffness of the actuator are, furthermore, independently controllable in both degrees of
freedom. The design and experimental validation of the actuator are discussed in this work.
The independence of adjusting the equilibrium position and stiffness of the actuator are
experimentally validated. The results show that the measured characteristics of the actuator
sufficiently match the theoretically calculated ones. Future work includes implementing
the presented two-degree of freedom actuator in an application, like a bipedal robot or a
robotic arm.

Keywords: compliant actuator; variable stiffness; two degrees of freedom; MACCEPA




Actuators 2014, 3 21

1. Introduction

The versatile and dextrous nature of human movement is a result of the compliant single and multiple
degrees of freedom joints in the body together with the adaptability of that compliance. Much research
has been done towards adopting the principles of human actuation for robotic applications. The focus,
however, is almost always on single-degree of freedom joints, while the human body possesses more
multiple degrees of freedom joints than single-degree of freedom joints. In the following subsection,
several human-inspired actuators are discussed. A more detailed description of the mechanically
adjustable and controllable equilibrium position actuator (MACCEPA) follows, since the actuator
presented in this work is a coupling of two MACCEPAs to achieve a two-degree of freedom actuator.

The introduction will be concluded with the outline of this article.

1.1. Human-Inspired Actuation

Humans are capable of performing various complex tasks, show high dexterity and can adapt to
dynamic environments. These characteristics are driven by the muscles as actuators. Since muscles
can only exert force when they contract (isotonic contraction) or when their length remains unchanged
(isometric contraction), an antagonistic setup of muscles is necessary for the bidirectional movement of
joints. When either the agonist or the antagonist in such an antagonistic setup contracts, the angular
position of the joint is changed. On the other hand, when both agonist and antagonist are tensioned
equally, the position of the driven joint remains the same, but the stiffness of the joint is altered.
Tensioning of both muscles increases joint stiffness, while relaxing of both muscles decreases joint
stiffness. This mechanism allows the human body to regulate joint stiffness mechanically, rather than by
force feedback. The ability of changing joint stiffness is, for instance, used to change walking speed [1],
to change stride frequency during running [2] and to accommodate changes in surface stiffness [3].

Although many robots are designed to resemble humans and mimic their behavior, they are driven
by stiff actuators, which do not possess the inherent compliance of muscle-driven human joints. Stiff
actuators are based on the control paradigm of precise joint-angle control. They try to reach and
maintain a desired position as fast as possible and regardless of the external forces, within the limits
of the actuator. As a result, stiff actuators are energy inefficient and can easily cause damage to
themselves and the environment when unexpected contact occurs. The concept of equilibrium position
is introduced in compliant actuators, which possess a physical, elastic element capable of storing
and releasing energy. The equilibrium position is the position in which the compliant actuator does
not exert any force/torque. Furthermore, deviations from this position are allowed. This allows a
safer human-robot interaction, shock absorbance and leads to a greater energy efficiency than stiff
actuators [4]. Compliant actuators directly derived from human actuation are pneumatic artificial
muscles (PAMs), which contract axially and expand radially when pressurized. PAMs have been
successfully utilized in robotics for walking [5], running [6], jumping [7] and postural control [8]. The
drawbacks of joints actuated with the antagonistic setup of PAMs are the nonlinear characteristics of
the joint, the slow dynamics, the presence of hysteresis and the need for pressurized air [9]. The usage
of electric motors in compliant actuator design can resolve these drawbacks. A well-known example is
the series elastic actuator (SEA), consisting of a motor in series with a spring [10]. A straightforward
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way of using electric motors is placing two SEA designs in an antagonistic setup. For the stiffness
to be controllable, this type of setup needs non-linear springs [9]. This can be achieved by using
physical non-linear springs [11,12] or by using mechanisms, containing linear springs, which have an
overall non-linear stiffness characteristic [13—15]. The stiffness of a joint driven by such a setup is
changed when the SEAs move in the same direction, while the equilibrium position is changed when
they move in the opposite direction. This means that the control of the equilibrium position and stiffness
is coupled, since the adaptation of both controllable parameters always requires the movement of both
motors [4]. Other drawbacks are the size, extra complexity and the friction of the mechanisms
acting as non-linear springs. The advantage of this compliant actuator design is that the stiffness
characteristic of the overall system can be chosen during the design phase. Actuators based on the same
principle, which allow for a decoupled equilibrium position and stiffness control, are the actuator with
mechanically adjustable series compliance (AMASC) [16] or the continuous-state coupled elastic
actuator (CCEA) [17], which still exhibit the drawback of complexity. An antagonistic setup is,
however, not required to construct variable stiffness actuators. Examples are the actuator with variable
stiftness and torque threshold (AVASTT) [18], the Actuator with Adjustable Stiffness-II (AwAS-II) [19],
the VS-joint [20] and the mechanically adjustable compliance and controllable equilibrium position
actuator (MACCEPA) [21]. These actuators all allow for independent equilibrium position and stiffness
control [4,9].

Since humans posses multiple degrees of freedom joints, bio-inspired robotic applications often
require multiple degrees of freedom actuators with variable stiffness. The three-dimensional shoulder
and wrist joints of the human arm provide a large workspace and dexterity to the arms. During human
locomotion, 23% of the total hip work is done in the frontal plane, while 74% of the total hip work is
done in the sagittal plane [22]. The hip work in the frontal plane is done to support the body weight when
the body mass is shifted laterally and to counteract a destabilizing gravitational moment in order to keep
the pelvis and trunk erect [23]. One of the strategies the human body uses to cope with perturbations of
the center of mass, particularly in the frontal plane, is widening the stance [24] by utilizing the frontal
degrees of freedom in hips and ankles. These degrees of freedom, furthermore, allow for locomotion
over surfaces inclined in the frontal plane and are used to adapt the gait when walking over irregular
surfaces [25]. Because of the importance and use of multiple degrees of freedom joints in the human
body, bio-inspired robotic applications often require multiple degrees of freedom actuators with variable
stiffness. In cases where multiple degrees of freedom are wanted in one joint, however, cascades of
single-degree of freedom actuators are usually used. The VSA-CubeBot is an example in which a robot’s
multiple degrees of freedom joints are formed by directly connecting variable stiffness actuators in
series [26]. Another way to achieve this is by moving some parts of the actuator away from the joint,
e.g., the motors, and using transmissions to drive the joint and/or change its stiffness [27,28]. The
research on multiple degrees of freedom actuators with variable stiffness is still limited. One of the few
examples is the multiple degrees of freedom actuator with variable stiffness based on two antagonistic
setups of ANLESactuators [13]. This actuator has, however, the same disadvantages as other antagonistic
setups previously mentioned. Additionally, the conceptual design of a three-degree of freedom variable
stiffness actuator based on the MACCEPA concept is presented in [29]. This concept, however, has never
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been built, nor tested. Different from variable stiffness actuators is the two-degree of freedom variable
damping actuator, using electro-rheological fluids, proposed by Sakaguchi and Fukusho [30].

A novel concept of a two-degree of freedom variable stiffness actuator based on the MACCEPA is
presented. The presented actuator is compact, centralizes both degrees of freedom in the joint and does
not require additional transmissions other than the gearboxes of the motors to drive the equilibrium
position and change the stiffness. Equilibrium position and stiffness can, furthermore, be controlled
independently in both degrees of freedom, so the stiffness ellipse of the actuator can be adapted without
influencing its equilibrium position.

1.2. MACCEPA

The MACCEPA [21] is a variable stiffness actuator, which allows for independent control of the
equilibrium position and stiffness. As illustrated in Figure 1, it consists of three bodies, namely
Link 1, Link 2 and the lever arm. Link 2 and the lever arm are connected through a linear tension spring.
This spring can be pre-tensioned, thus giving an initial elongation, which will alter the MACCEPA’s
characteristics. Now, consider Link 1 as grounded. If the lever arm is aligned with Link 2, the force
exerted by the spring (in case it is pre-tensioned) is aligned with Link 2. Therefore, no torque is exerted
on Link 2. If the lever arm moves so that an angular deviation, o, between the lever arm and Link 2 arises,
the force the spring exerts on Link 2 will not be aligned with Link 2 anymore. This results in a torque on
Link 2, determined by the perpendicular component of the exerted force and the length, C', which tends
to align Link 2 with the lever arm. The position of the lever arm, ¢, is the equilibrium position of the
MACCEPA, i.e., the position in which the actuator exerts no torque. By pre-tensioning the spring, thus
giving it an initial elongation, the characteristics of the MACCEPA change and stiffness, which is the
derivative of torque with respect to angle, of the actuator is altered. The torque-angle characteristic of
the MACCEPA is given by:

. P—|B-C]
\/B?+ C? — 2BCcos(a)

T = kBCsin(«) |1 (1)

with k the spring stiffness, P the pre-tension length, B the lever arm length and C' the distance
between the attachment point of the spring on Link 2 and the point of rotation. These parameters
are indicated in Figure 1. Deriving this equation with respect to « yields the stiffness of the actuator.
Equation (1) also shows that the parameters, B and C, are interchangeable. For ratios B/C' or C/B
bigger than five, the torque-angle characteristic of the MACCEPA is quasi-linear [21]. This allows for
linearizing Equation (1). Consequently, for small angles «, the torque characteristic of the MACCEPA
can be linearized as follows:

P
T:k:BC’(|B_C|)a:,u(P)a (2)

In this case, the MACCEPA acts as a torsional spring with a torsional spring stiffness, p, linearly
dependent on the pre-tension, P. As such, a motor that pre-tensions the spring enables one to change the
joint stiffness, and a second motor that controls the lever arm can independently change the equilibrium

position. A linear torque-angle characteristic is, however, not always desired. The human knee joint,
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for instance, requires a stiffening characteristic for locomotion [31]. By replacing the lever arm of the
MACCEPA by a profile disk, the characteristic of the actuator is changed dependent on the shape of the
profile disk. This is the concept of the MACCEPA 2.0 [32].

The MACCEPA has been used in various applications, both inside the research lab as in other labs,
e.g., bipedal walking robots [33,34], a jumping robot [32] and an ankle prosthesis [35]. Three of these
applications are displayed in Figure 2.

Figure 1. The working principle and scheme of the mechanically adjustable and controllable
equilibrium position actuator (MACCEPA) [21].

Figure 2. Applications using the MACCEPA: a bipedal walker (a) [33],
a hopping robot (b) [32] and an ankle prosthesis (¢) [35].
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1.3. Outline

In Section 2, the design of the two-degree of freedom actuator will be discussed. This includes the

mechanical design, assembly and electronics. Section 3 describes the experiments performed on the real
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setup, which prove the independence of the equilibrium position and the stiffness of the actuator. A
stiffness ellipse of the actuator is also experimentally composed in this section. Section 4 discusses the
results of the experiments, and a conclusion is formulated in Section 5.

2. Design

In this section, the design of the two-degree of freedom MACCEPA, displayed in Figure 3, will be
discussed. First, the concept of the presented actuator will be explained, followed by the mechanical
design and construction of the parts of the actuator, with a focus on the central part located at the center
of rotation. Subsequently, the chosen parameters for the MACCEPA structure in both degrees of freedom
will be discussed together with the resulting actuator characteristics. This section will be concluded with

a subsection on the sensors and electronics of the actuator.

Figure 3. CADdrawing of the presented two-degree of freedom MACCEPA.
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2.1. Concept

The joint, which connects both links, of a one degree of freedom MACCEPA has one axis of rotation.
Its lever arm rotates around this same axis. The concept of the novel design starts from the universal
joint with two orthogonal rotation axes to connect both links. The axes are indicated as Z; and Y} in
Figure 4a. In this two degree of freedom case, the lever arm should be able to rotate around two
orthogonal axes, which requires an additional universal joint with axes Z, and Y;. The axes of both
universal joints have to coincide to make the control of the equilibrium position and compliance
independent. If the two axes of each rotation need to coincide, the four axes have to intersect in the
same point. This results in a configuration of two Cardan joints inside one another, centered on the same
point. The Cardan joint of the lever arm has to be actuated by two servomotors, to make the control of
both equilibrium positions independent. The outer universal joint is used to connect Link 1 and Link 2.
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The lever arm, to which the spring is connected, can now be rotated around two axes, relatively to the
left body. The other end of the spring is connected to a pre-tension mechanism at Link 2, similar to the
pre-tension mechanism of the one degree of freedom setup. With this setup, the equilibrium positions
around both axes and the compliance can be controlled independently. Thus, each of the three actuators
has its own function and does not interfere with the others.

Figure 4. MACCEPA with two degrees of freedom and one variable stiffness (a) and a
complete MACCEPA with two degrees of freedom and two independent variable stiffnesses
(b) [29].
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When the ability to control the stiffness in both degrees of freedom is required, a fourth motor
has to be added. A setup with two rotational degrees of freedom for which the angle between the
two intersecting axes is 90° is proposed. The links are connected by a universal joint, as is seen in
Figure 4b. Concerning friction between the cables and mechanical structure, it is preferable
that the motors that set the equilibrium positions and the pre-tension mechanisms are placed on
different bodies. Since the pre-tension mechanisms need the most space, one is housed in each
link, while the motors for the equilibrium positions are placed on the cross-shaped piece of the
universal joint, as shown in Figure 4b. The shaft of the motor is connected to the cross-shaped
part. The servomotors responsible for changing the equilibrium positions rotate relative to the
cross-shaped piece and, thus, to the link in which their corresponding pre-tension mechanism is
housed. A plate, acting as a lever arm, is placed on the servomotors. The result is a two-degree
of freedom joint with four motors. Obviously, the actions of the four motors are completely
independent. When one of the four parameters, one of the equilibrium positions or the compliance
of one of the degrees of freedom has to be changed, only the corresponding servomotor has to
be controlled.

A prototype based on the latter concept has been built and is presented in this work. To make the
actuator more compact, the servomotors responsible for changing the equilibrium positions, by moving
the lever arms, are placed inside the universal joint.
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2.2. Mechanical Design

Figure 3 shows the design of the presented actuator. The actuator consists of three rigid bodies able to
rotate with respect to each other. Two links are each connected to the cross-shaped piece of the universal
joint, titling the cross. The cross houses the two servomotors driving the lever arms of both MACCEPAs
and two angular position sensors measuring the relative position of the two links. The lever arms are
connected to the corresponding pre-tension motors through cables and a linear spring. Each link houses
one pre-tension motor; thus, half of each MACCEPA structure is housed in one of the links, while the
other half is housed within the cross. A pulley is connected to the output of the pre-tension motors
on which the spring is connected through a cable. To pre-tension the spring, an initial elongation is
performed by winding up the cable on the pulley by rotating the pre-tension motor. Each MACCEPA is
responsible for the movement in one degree of freedom; thus, the movement in both degrees of freedom
is decoupled. When variable stiffness is not required along a degree of freedom, the corresponding
pre-tension motor can be replaced by a fixed connection for the spring on the link, which will maintain
the working principle of the MACCEPA.

Figure 5. Assembly of the cross.
Bottom half of cross Servomotors inserted Top half of cross conjoined

with bottom half

Potentiometer holders

\

Servomotors QOutput attachments

on servomotors

{ Servomotor output attachment
) Lever arm

The cross’ assembly is shown in Figure 5. The cross consists of two symmetric halves in which the
servomotors driving the lever arms are placed. Before placing the servomotors inside the cross and the
two halves of the cross are conjoined, an attachment is connected to the servomotor’s output shaft. This
is a disk with a shaft and is indicated as the “servomotor output attachment”. Servomotors often come
with a cross-shaped attachment on their output shaft. This allows the user to easily attach a part of choice
onto the servomotor to act as the output. The servomotor output attachment allows one to easily assemble
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the cross with the links to complete the assembly of the actuators. The lever arms are rings fixed to one
end of a hollow shaft. This shaft is used to connect the lever arms to the corresponding servomotors.
It is put through the ball bearings in the links and slid over the shaft of the servomotor output attachments.
The hollow shafts of the lever arms end in pins with a particular cross-section, which fit in holes with
the same cross-section in the disk of the servomotor output attachments, as shown in Figure 6. This
fixes the lever arms to the servomotor’s output shaft. In every degree of freedom, this is done on one
side of the cross, while on the other side, a shaft is inherently part of the cross, indicated in Figure 5
as the potentiometer holders, which are put through the second ball bearing of the link, on the opposite
side of the lever arm. The lever of a potentiometer is then fixed within the shaft, inherently part of the
cross, while the housing of the potentiometer is fixed to the link. The potentiometer, thus, measures the
angle between the cross and one link in the corresponding degree of freedom. This way, the links are

connected to the cross.

Figure 6. The lever arm (blue) is slid over the servomotor output attachments (green) and
connects through pins and holes of a particular shape.

Figure 7. The two-degree of freedom MACCEPA.
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The lever arms are made out of aluminum. In the lever arms’ ring, a hole is made, where one side
of the spring is attached by means of a cable. The other side of the spring is connected to the pulley on
the pre-tension motor housed in the corresponding link. The lever arm length, B, is thus the distance
between this attachment point and the center point of the ring. The cross and the servomotor output
attachments are all 3D-printed. The constructed actuator is shown in Figure 7.

2.3. MACCEPA Characteristics

The parameters of the MACCEPA structure in both degrees of freedom are chosen as the same.
The parameters to be chosen, displayed in Figure 1, are lever arm length B, distance C' from the axis of
rotation to the attachment point of the spring and the spring constant, k.

To achieve a quasi-linear actuator, the C'/ B ratio has to be bigger than five, as previously mentioned.
In this design, this ratio was chosen to be 9.5, and the value of C' was set to 95 mm. Due to the
fixed ratio, this results in a length of 10 mm for both lever arm’s B. The used springs for both
degrees of freedom have a spring constant of 1,180 N/m and a maximum elongation of 32.7 mm. The
maximum pre-tension, P, is limited to 30 mm, so that at maximum pre-tension, a certain angle, o, is still
allowed without deforming the springs. Figure 8 shows the elongation of the spring as a function of the
deviation angle, «, for different pre-tensions. The red line represents the maximum allowed elongation of
327 mm of the chosen spring. At maximum pre-tension, the actuator, thus, still has a safe range
of motion of approximately 40°. The spring constant was chosen, so that the torque exerted by the
MACCEPA at angles « larger than 30° for any allowed pre-tension would not exceed the stall torque
of the servomotors driving the lever arms. This is out of precaution not to damage the servomotors at
unexpected overloads.

Figure 8. The elongation of the spring as a function of deviation angle « for different
pre-tension values and the maximum allowed elongation of the chosen spring.
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The resulting torque-angle characteristic of the actuators in both degrees of freedom for different
pre-tensions is displayed in Figure 9a. The stiffness characteristic for different pre-tensions is displayed
in Figure 9b. Note that the torque-angle characteristics are indeed quasi-linear and the corresponding
stiffness characteristics constant for small angles «. At lower pre-tensions, this quasi-linearity is less
outspoken, but as previously mentioned, a linear torque-angle characteristic is not always desired.

Figure 9. The torque-angle (a) and stiffness (b) characteristic of both MACCEPAs for
different pre-tensions.
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2.4. Electronics

The actuator has an on-board Arduino Uno microcontroller to read out the sensors, send appropriate
commands to the four servomotors and exchange data with MATLAB scripts on an external computer for
experimental purposes related to this work. Since the transmission between the spring and pre-tension
motor is backdrivable, and the load on this motor has the same order of magnitude as the load on the
equilibrium position motor, both motors are chosen as equal. All equilibrium position and pre-tension
motors are Futaba s3003 servomotors, which have a stall torque of 0.41 Nm at 6 V.

As previously mentioned, two frictionless potentiometers are mounted, so that they measure the angle
between the link and the cross in each degree of freedom. These measurements can be used, together with
the knowledge of the equilibrium positions set by the servomotors driving the lever arms, to calculate
the deviation angle, o, between the lever arm and link. The deviation angle, o, can be used to calculate
the torque exerted by the actuator in one degree of freedom using Equation (1).

The Arduino Uno can be used to communicate with an external computer through its USBconnector.
A MATLAB script is written to impose trajectories for the equilibrium positions and the pre-tensions.
This script, furthermore, receives all sensor data collected by the Arduino Uno.
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3. Experiments

In this section, the experiments on the real setup, displayed in Figure 7, and the results will be
discussed. During the first experiment, it will be shown that the deviation angle of the actuator does not
influence the actuator’s characteristic and that only changing the stiffness, by changing the pre-tensions,
alters the actuator’s characteristic. The second set of experiments shows that changing the stiffness of the
actuator does not influence the equilibrium position and vice versa. Finally, the stiffness ellipses of the
actuator will be experimentally composed. All experiments are performed with the actuator suspended
vertically and Link 1 grounded.

3.1. Experimental Torque-Angle Characteristics

In this experiment, the torque-angle characteristic of the MACCEPA in both degrees of freedom will
be experimentally composed for different pre-tensions. The experiments will show that by changing the
pre-tension of the MACCEPAs, the characteristics of the actuator are changed. These experiments will
be alternately performed for both degrees of freedom.

Figure 10. Torques exerted by the MACCEPAs are measured by blocking the output link

and using force sensors.

sensor ||

In order to measure the torque-angle characteristic of one degree of freedom of the actuator, the

degree of freedom under test is blocked, while a force sensor is attached to output Link 2 between
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this link and the blockage. The setup is illustrated in Figure 10. Since Link 2 is fixed in the vertical
position by the blockage, the deviation angle, «, is equal to the equilibrium position. The equilibrium
position of the MACCEPA is set to follow a predefined linear trajectory. This results in Link 2 pushing
against the blockage and, thus, exerting a force, measured by the force sensor, which is related to
the MACCEPA’s exerted torque through the distance from the force sensor to the axis of rotation
of the degree of freedom under test. Since the deviation angle, «, of the actuator is continuously
changed during the experiments, performed with different pre-tensions, its relation with the actuator’s
stiffness can be investigated. Plotting the measured exerted torques against the deviation angle, o, which
equals the predefined trajectory for the equilibrium position, yields the torque-angle characteristic of the
MACCEPA in the degree of freedom under test for the set pre-tension. The measurements are performed
alternately in both degrees of freedom for pre-tension values of 15.2 mm, 9.4 mm and 3.4 mm. The
results are shown in Figure 11a,b, in which the blue curves represent the average of six measurements
performed for the corresponding pre-tension in the corresponding degree of freedom, while the red
curves represent the standard deviation from the average measurement.

Figure 11. The experimentally measured torque-angle («) characteristics of DOF1 (a) and
DOF 2 (b) compared with the theoretically calculated ones for three different pre-tensions.

Red curves are the measurement deviations from the average measured blue curves.
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Figure 11a shows the results for degree of freedom 1, as defined in Figure 3. The experimental charac-
teristics are observed to be quasi-linear, with linearity increasing for increasing pre-tension. The exper-
imental characteristics, furthermore, match the theoretically calculated ones, calculated using Equation
(1). There is a slight deviation of the experimental characteristic with a pre-tension of 3.4 mm from the
corresponding theoretical one, however. It can be seen that between o = 30° and o = 60°, the deviating
experimental characteristic runs parallel with the corresponding theoretical characteristic, which means
that despite the deviation, the stiffness of experimental and theoretical characteristics is the same in this

region. Overall, the measured characteristics are not influenced by the continuously changing deviation
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angle. Figure 11b shows the results for degree of freedom 2, as defined in Figure 3. Again, it is observed
that different pre-tensions yield different torque-angle characteristics, and increasing the pre-tension
increases the slope of the resulting characteristic, thus increases the stiffness of the actuator. In this
degree of freedom, the increase in quasi-linearity with increasing pre-tension is less clearly observed
from the experimental characteristics. The experimental characteristics for pre-tensions of 15.2 mm and
9.4 mm now deviate from the corresponding theoretical ones, calculated using Equation (1), in contrast
to the results for degree of freedom 1. The experimental curve for a pre-tension of 3.4 mm deviates
less from the corresponding theoretical one than for degree of freedom 1. The continuously changing
deviation angle, furthermore, does not influence the overall stiffness of the characteristics. The measured
torque curves in DOF2 are overall slightly lower than those in DOF 1. This can be explained by an
angular deviation of Link 2 from the vertical position. Therefore, the force component parallel with
the force sensor would have been bigger, and the measured perpendicular force would have been an
underestimate of the force that was expected and observed during the experiments on DOF 1.

3.2. Independent Equilibrium Position and Stiffness

This experiment will show that the pre-tension and stiffness of the actuator does not influence the
equilibrium position of the actuator and vice versa. The experiments will be performed for both degrees
of freedom simultaneously.

Since the experiments are performed with the actuator suspended vertically, the static equilibrium of
Link 2 will only coincide with the equilibrium position of the actuator if the equilibrium position is
(01 = 0°, ¢g = 0°), thus the most downward position of the lever arms. As a result of the weight
of Link 2 under the influence of gravity and the allowed deviation from the equilibrium position,
inherent to compliant actuators, Link 2 will deviate from the equilibrium position for any other
setting. For the experiment, the equilibrium position of the actuator will be set to a predefined
value, as will the pre-tensions in both degrees of freedom. Link 2 is arbitrarily pulled out of its
static equilibrium, i.e., its initial position, and released. This induces a passive, two-dimensional
oscillation back to the initial position driven by the torques exerted by the actuator that tend to
align the link with the equilibrium position. During the experiment, the angular position of the
link will be measured by the potentiometers along the two degrees of freedom. Performing this
experiment with different pre-tensions in both degrees of freedom will show that regardless of the
stiffness of the actuator, the link will return to its initial position. Repeating these measurements
for different equilibrium positions will yield the same conclusion. The experiment is performed
for equilibrium positions (¢; = 0°, ¢ = 0°) and (¢; = 52°, ¢ = 47°). The experiment for each
equilibrium position is performed with three different pre-tensions, set equally for both degrees
of freedom.

The results of the experiment with the equilibrium position set to (¢; = 0°, ¢ = 0°) and for three
different pre-tensions, equal for both degrees of freedom, is shown in Figure 12. It shows the oscillations
of Link 2 in both degrees of freedom separately. A 3D graph is furthermore given of the two-dimensional
oscillation, by combining the separate one-dimensional measurements, in time, and shows how Link 2

spirals back to its initial position. Here, the initial position of Link 2 is equal to the set equilibrium
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position. It can be seen that regardless of the pre-tension value, Link 2 returns to its initial position, i.e.,
the equilibrium position of the actuator in this case. The equilibrium position remains unchanged. The
results of the experiment with the equilibrium position set to (¢ = 52°, ¢o = 47°) and for three different
pre-tensions, equal for both degrees of freedom, is shown in Figure 13. It shows the same graphs as
Figure 12. Here, the initial position of Link 2 is, however, not the same as the set equilibrium position,
for reasons previously mentioned. The initial position is now dependent on the pre-tension. Different
pre-tensions yield different torque-angle characteristics of the actuator, and thus, the torque necessary to
compensate the gravitational torque acting on Link 2 is exerted at different deviation angles o depending
on the pre-tension. The changing initial position under influence of pre-tension can be clearly seen.
Additionally, it shows that again Link 2 returns to its initial position regardless of the set pre-tension,
and the equilibrium position remains unchanged regardless of the set pre-tension.

Figure 12. Induced passive oscillations for equilibrium position (¢; = 0°, ¢ = 0°) at
different pre-tensions.
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Figure 13. Induced passive oscillations for equilibrium position (¢; = 52°, ¢ = 47°) at
different pre-tensions.
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3.3. The Stiffness Ellipse Experimentally Composed

In this section, the stiffness ellipse of the actuator will be experimentally composed. The results will
be compared to the corresponding theoretically composed stiffness ellipse.
The stiffness of a two-dimensional joint is represented by the stiffness matrix, which provides the

relation between torque and angular displacement:

B K,r Ky doy, 3)
| Ky Ky, day,

where T, and T), are the restoring torques to counteract the imposed angular displacements, dc,

T;
Ty

and do,,. Ky, are the elements of the stiffness matrix, which provide the relation between the angular
displacement and resulting restoring torques. The stiffness matrix can be represented geometrically by

multiplying it with a rotational angular displacement of unit amplitude [36], e.g.,:

[docx]:[cost] 0<t<om @

doy, sint

The resulting stiffness ellipse shows the predicted restoring torque in each direction for an angular
displacement of unit amplitude. The major axis indicates the direction and magnitude of maximal joint
stiffness, while the minor axis indicates the direction and magnitude of least joint stiffness. In order to
construct the theoretical stiffness ellipse of the two-degree of freedom MACCEPA (P), Equation (2) is
used to approximate the diagonal elements of the stiffness matrix. Since the MACCEPAs in both degrees
of freedom are decoupled, the non-diagonal elements of the stiffness matrix are zero, thus K, = K, =0.
Using Equation (2) is justified, since the stiffness ellipse is constructed for angular displacements of unit
amplitude and the MACCEPA is quasi-linear for small deviations from the equilibrium position. In
case of the two degrees of freedom MACCEPA with variable compliance, an infinite amount of stiffness
ellipses can be constructed for different values for the pre-tensions within their possible range. As aresult
of the identical design of the MACCEPA for both degrees of freedom, setting identical pre-tensions for
the degrees of freedom yields circles instead of ellipses. The x- and y-direction of the actuator correspond
respectively with DOF 1 and DOF 2, as defined previously. The indices, x and y, will, therefore, be
replaced by the indices, 1 and 2, hereafter.

In order to construct the stiffness ellipse experimentally, the actuator remains suspended vertically,
and the equilibrium position of both degrees of freedom is fixed at 0°. The torque exerted by the
actuator is measured as is done for the experiments described in Section 3.1. Since the stiffness ellipse
is measured in two dimensions, both degrees of freedom of the actuator are blocked, as illustrated in
Figure 10; so, two force sensors are used to determine the exerted torque in the corresponding directions.
The lever arms of the MACCEPAs are moved along predefined trajectories, thus continuously changing
the equilibrium position of the actuator. In this setup, the equilibrium position of the actuator equals
the deviation angles, a; and «,. The exerted torques are continuously measured. If the predefined
trajectory for the actuator’s equilibrium position contains n points, then the measurements yield n
measurement points, («;, aa;) being the displacement angles and (77;, T5;) the restoring torques, due to

the corresponding angular displacement. These measurement points are used to numerically calculate
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the elements, K4, of the stiffness matrix by means of a linear least squares method. Using Equation (3),
a cost function can be composed to be minimized by the linear least squares method:

E, = _ 11 12 (651 (5)
Tyi Ky Koy Qo
So that the error for measurement 1 becomes:
J
€ = §Ez E; (6)

and the cost function is defined as: .
€ = Z €; (7
i=1
The stiffness ellipse of the actuator will be experimentally constructed for the following set of pre-
tensions: (P, = 9.4 mm, P = 9.4 mm).

Figure 14. The measured and theoretical stiffness ellipses of the two-degree of freedom
MACCEPA for pre-tension set (P; = 9.4 mm, P, = 9.4 mm).
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In Figure 14, the measured stiffness ellipse is compared with the theoretically calculated one for the
chosen set of pre-tensions. The corresponding experimentally determined and theoretically calculated
stiffness matrices are listed in Table 1. The measured ellipse should be a circle in this case. A tilted
ellipse is, however, observed. The tilt angle of the ellipse is a result of non-zero non-diagonal elements
of the stiffness matrix, as can be seen in Table 1. This implies that a deviation from the equilibrium
position in one degree of freedom of the actuator results in torques exerted in both degrees of freedom.
This is not correct, since both MACCEPA structures of the presented actuator are separated and their
operation is decoupled. This can be explained by forces parallel to the force sensors, due to friction or
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small deviations of Link 2 from the vertical position. This results in undesired force components in one
degree of freedom, while force is exerted in the other degree of freedom. The diagonal elements of the

experimentally composed stiffness ellipse do match those of the theoretically calculated ones.

Table 1. The experimentally determined and theoretically calculated stiffness matrices

corresponding to Figure 14.

Kmeasuv'ed (Nm/o) Ktheoretical (Nm/o)

0.0022  0.0005 0.0022 0
0.0005 0.0021 0 0.0022

4. Results

In this section, the results of the experiments, discussed in Section 3, performed on the presented
two-degree of freedom actuator, will be summarized.

It has been shown that the equilibrium position and stiffness of the presented actuator can be changed
independently. Changing the pre-tension of the MACCEPA in one degree of freedom of the actuator
will change the torque-angle characteristic and stiffness characteristic of this degree of freedom without
influencing the equilibrium position of the actuator. Vice versa, changing the equilibrium position does
not influence the stiffness of the actuator. The static equilibrium, relative to the equilibrium position, of
the output link of the actuator is dependent on the plane in which the actuator is placed, the actuator’s
equilibrium position, and the mass of the output link. The characteristics of both degrees of freedom
can furthermore be changed independently. The range of stiffness characteristics is determined by the
maximum allowed elongation of the springs used in the MACCEPA design. The measured torque-angle
characteristics match the theoretically calculated ones of the actuator. The stiffness, thus, also matches
the theoretical stiffness. As a result, the stiffness ellipse of representing the stiffness matrix of the
actuator joint can be changed by changing the pre-tension in the degrees of freedom.

5. Conclusions

A novel two-degree of freedom variable stiffness actuator based on the MACCEPA concept is
presented in this work. The actuator offers a solution for bio-inspired robotic applications, which require
multiple degrees of freedom actuators with variable stiffness. The actuator is compact, centralizes both
degrees of freedom in the joint and does not require additional transmissions, other than the gearboxes of
the motors, to drive the equilibrium position and change the stiffness. Equilibrium position and stiffness
can, furthermore, be controlled independently in both degrees of freedom; so, the stiffness ellipse of the
actuator can be adapted without influencing its equilibrium position. Future work includes implementing

the novel two-degree of freedom actuator in a humanoid walking robot or a robotic arm.
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