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Abstract

Novel compliant actuation systems have been developed in recent years for a variety of possible
advantages, such as establishing a safe human-robot interaction, increasing energy efficiency,
reducing the effects of impacts and even for the development of neuro-inspired robotic platforms
to be used in human motor control studies.

In this rapidly growing and transversal research field, systems involving more than one active
element (typically motors) for each actuated degree of freedom are being investigated to allow
separate position and impedance regulations. Considering the wide range of applications and the
large number of different arrangements deriving from the combination of two active elements and
passive elastic components, several actuation architectures have been devised.

This paper reviews state-of-the-art rotary variable impedance units incorporating two separate
motors. Existing devices are grouped in three main categories. A critical and comparative
analysis of the most relevant features is carried out, also based on most representative prototypes.
Recently proposed methodologies and evaluation criteria for design optimization are illustrated
and perspectives on potential applications of double actuation systems are presented.
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1. Introduction

In recent years robotic systems have been more and more conceived for applications where a
high level of adaptability is required, in order to interact with the environment and to comply
with actions exerted by external agents. New design paradigms [1] and actuation solutions [2]
have grown, so to opportunely fulfill the requirements of these scenarios [3] and traditional stiff
robots [4], with rigid, high-precision behavior, have given way to soft robots [5, 6] which operate
compliantly.
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In rehabilitation and assistive robotics, the physical Human-Robot Interaction (pHRI) is a
normal operative condition since users are continuously connected to a machine which guides or
assists their movements. In this case a high level of biomechanical compatibility and dynamical
adaptability is desirable. These machines have to be as transparent as possible to the active
motion of the users and to provide assistance as needed in conditions where they are not able to
complete a prescribed motor task [7].

Robotic prostheses are required to restore human functionalities lost due to amputation in a
large variety of dynamical conditions. In the case of human locomotion, for example, collision
with terrain is managed cyclically and exploited to store energy in elastic tissues, which can
be released to reduce the active work produced by the muscles [8]. For this reason, in active
prostheses, the necessity of having mechanical properties dynamically varying as a function of
gait phase or speed and adapting to terrain shape is crucial to mimic the humans’ physiological
features [9].

Reproducing passive elastic properties of human and animal joints can also enormously im-
prove the energetic efficiency of legged robots, especially in the case of running and hopping
machines, as demonstrated in pioneer works in the early 1980s both in simulation and in proto-
typal implementations [10]. The on-line modification of dynamical properties is also pivotal in
bipedal robots using the principles of pseudo-passive locomotion [11] in which a stable limit cycle
of the system has to be achieved and possibly modified.

In neuroscience, the theories on human sensory-motor control and on learning strategies can
be experimentally validated using dedicated robotic platforms [12, 13]. These systems have to
reproduce the kinematic, dynamic and functional features of human limbs also with an high level
of flexibility to test different kinds of control schemes. One of the main attributes to be replicated
is the muscular agonistic/antagonistic actuation arrangement to have the capability of separately
regulate joints position and stiffness.

In industrial robotics it is crucial to limit the energy exchange with external agents during
unwanted collisions and to modulate the level of intervention during human-robot cooperative
tasks [3, 14, 15]. The introduction of compliant joints reduces the reflected inertia during human-
robot impacts [14, 16]. Moreover, it is possible to i) store and release energy, thus achieving link
velocities above motor levels if appropriate trajectories are chosen (the sudden release of elastic
potential energy makes compliant actuators potentially more dangerous than stiff ones) [17, 18];
ii) reduce impact joint torques at high impact speeds, thus protecting robotic joints [18, 19].
Regarding damages to external agents, the Safe Brachistochrone problem aims at finding the
minimum time required to move between two fixed configurations such that an unexpected impact
would guarantee a defined safety level at any instant. The solution to this optimal control problem
suggests the need of adjustable impedance: low stiffness-high speed and high stiffness-low speed
movements are required [3, 14].

For a rotational mechanical system the output mechanical impedance can be defined as the
torque τ produced in response to a rotation θ(t). In the Laplace domain the mechanical impedance
can be written as the transfer function

Z(s) =
T(s)
sΘ(s)

(1)

in which T (s) and Θ(s) are the Laplace transforms of τ and θ, respectively.
The simplest solution to render a desired (variable) mechanical impedance, i.e. to pro-



vide desired dynamical properties in the interaction with the environment, consists in adopting
impedance control schemes to mimick visco-elastic characteristics. In this regards, a torque

τ = kθ + cθ̇ (2)

at the joint level can be commanded to a rigid actuator, being θ, θ̇ joint position and velocity
respectively and k, c the parallel spring and damper constants to be virtually rendered. In this
case the transfer function corresponding to the mechanical impedance can be written as

Z(s) =
(
k

s
+ c

)
(3)

This active control approach is generally implemented on actuators that can be accurately
torque controlled. Direct-drive motors can be employed to this aim because there is no amplifi-
cation of the perceived inertia and friction due to the presence of gears and they can be regarded
as ideal torque generators (i.e. with theoretical null intrinsic impedance). Alternatively, geared
motors have to be controlled closing loops on torque sensors signals.

On the other hand the introduction of passive mechanical components gives the great advan-
tage of reducing the impedance of robotic systems intrinsically, i.e. across the whole frequency
spectrum. The interposition of a compliant element between an actuator and its load was origi-
nally presented in [20, 21] in studies on legged locomotion. The proposed prototype, indicated as
Series Elastic Actuator (SEA), was a linear actuator but a number of rotary systems have been
developed in recent years [22, 23, 24, 25, 26, 27, 28, 29].

This approach provides several advantages:

- intrinsic compliance allows shock tolerance;

- the compliant element protects the motor and gearbox in case of an impact on the output
link;

- simple and high fidelity torque/force control can be implemented using as feedback signal
the measurement of the elastic element deflection;

- the effects of stiction, friction, backlash and other nonlinearities are reduced;

- work and power output of the actuator can be increased if an appropriate series elasticity
is selected according to a specific task;

- in cyclical and/or explosive tasks efficient energy storage/release can be achieved.

Since in SEAs high fidelity torque tracking can be implemented, impedance can be also
regulated via active control. Nevertheless, series elasticity causes a degradation of performances
in terms of control bandwidth with respect to traditional rigid actuation systems [30]. This
limitation can be overcome using elastic elements whose properties can be varied during operation.

The aim of independently regulating motion and impedance field to improve performances
as well as to stably controlling robots interaction forces with external agents paved the way to
the development of Variable Stiffness/Impedance Actuators (VSA/VIA), which are achieved by
means of redundant actuation solutions, i.e. including a number of active elements higher than
the number of actively controlled Degrees Of Freedom (DOFs). The use of more than one active



component has the drawback of introducing nonlinearities and a number of design constraints
not considered for traditional actuators. For this reason double actuation units benefits can be
exploited only if control algorithms are properly employed and redundancy is specifically solved
in the target task.

The objective of this paper is to analyze different arrangements deriving from the combina-
tion of two active elements, and possibly some passive elastic components, to render variable
impedance. Most of the presented configurations can mechanically regulate impedance by means
of a single motor or the simultaneous actions of both motors. However, some systems only render
desired impedance through active control and the two motors are employed to decouple position
and impedance control problems.

Existing devices are grouped in three main categories. A critical and comparative analysis of
the most relevant features is carried out and recently proposed novel methodologies for design
optimization are presented.

It is worth noticing that the presented analysis will involve also several preliminary works pre-
sented in recent international conferences. This choice is motivated by the necessity of reporting
about latest activities in the rapidly growing research field of variable impedance actuation.

2. Classification of double actuation units

Reducing the problem to its lowest terms, there are two ways to connect two actuators
to a load: in serial or in parallel configurations (Fig. 1). According to the most commonly
accepted definition of series and parallel in mechanical systems [31], a configuration is of serial
type if the generalized displacement of the output link is obtainable by algebraic sum of the
generalized displacements of the two actuators. On the contrary, a configuration is parallel if
the torque applied to the output link is obtainable by algebraic sum of the torques applied by
the two actuators. These basic possibilities can be varied to achieve a number of profoundly
different configurations, by employing different kinds of (nonlinear) transmissions or introducing
compliant elements.

Despite the high number of configurations that can be theoretically devised by arranging two
motors and some elastic components [32], the focus of the paper will be only on state-of-the-art
systems, which have been proved to be effective and relevant.

Two types of serial connections can be achieved: purely serial (Fig. 2a-d) and quasi-antagonistic
[5] (Fig. 2e-f). In the first case the output of one motor is the input for the other one, whose
output is connected to the load. Both of them can be ordinary (Fig. 2a, c, e), for a direct
connection, and differential (Fig. 2b, d, f), if the same connectivity between the elements is
achieved through a differential transmission. Parallel connections can be classified in: purely par-
allel (Fig. 3a-d) and agonistic/antagonistic (Fig. 3e-g). In the first case a colocated configuration
implies a direct connection of both motors to the load (Fig. 3a, c), while in a distributed one the
outputs of the motors are coupled and only one of them is directly connected to the load (3b,
d). Agonistic/antagonistic architectures can be further distinguished in simple, cross coupled and
bidirectional [6] (Fig. 3e, f, g respectively).

Therefore, purely serial and purely parallel solutions can be elastic or rigid if respectively they
use or not compliant components. For elastic implementations a physical impedance regulation
is possible while for rigid solutions only software control allows varying impedance.

While in agonistic/antagonistic architectures the two motors (and their series elasticity) are
antagonistically coupled, in quasi-antagonistic configuration only the springs are antagonist while



the motors are serially coupled. In particular, the simple agonistic/antagonistic arrangement (Fig.
3e) represents the parallel connection of two motors, each of them with nonlinear series elastic
components.

This classification is schematically resumed in Fig. 4.
Compliant architectures presented in Fig. 4 are not simply series elastic actuators, but trans-

mission mechanisms and the action of one (for all serial and purely parallel configurations) or
both motors (for agonistic/antagonistic configurations) are used to regulate impedance. The
necessary nonlinearities for impedance regulations can be introduced either directly in springs
characteristics or in transmission mechanisms depending on the specific design choices.

The following sections will be focused on analyzing the different arrangements cited above,
and on describing representative prototypes implementing the presented architectures.

Moreover, a third category can be identified, which cannot be properly classified as serial
or parallel configurations: Physically controllable impedance actuators consists of all systems in
which one of the two motors is employed to modify the mechanical properties of a passive elastic
element. Possible solutions are exhaustively classified and described in [2] (where a further
distinction is made between structure controlled and mechanically controlled impedance) but
some examples will be also reported here. Also variable damping actuators will be touched on.

2.1. Serial configuration
In the serial configuration two motors can be used to control the position and the impedance

simultaneously and independently [33]. This can be regarded as a direct extension of the SEA
concept, which allows to overcome some of the limitations due to a fixed compliance. The
drawback of this configuration is that the maximum torque is limited by the smallest motor. As
previously remarked, a particular implementation of the serial configuration consists in using a
differential mechanism. This principle is also reported in [34] where a rotary SEA is implemented
through a Harmonic Drive (HD) gear in differential mode (Differential Elastic Actuator, DEA).

In a differential mechanism the relation among rotations θ and torques τ for the two input
shafts (in1 and in2) and the output shaft (out) are:

{
θout = θin1/rin1 + θin2/rin2

τout = −τin1rin1 = −τin2rin2

(4)

being rin1 and rin2 the reduction ratio of the two input shafts with respect to the output. The
equivalent output impedance is:

Zout = − r2
in1
r2
in2
Zin1Zin2

r2
in1
Zin1 + r2

in2
Zin2

≈ −Zin2r
2
in2

(5)

being Z the impedance of the related shaft. The approximation in (5) is possible if rin1 � rin2

and it implies that the output impedance can be modulated by varying only the one of the shaft
input 2. Hence, this shaft can be connected to a variable impedance system, while a positioning
motor can be placed on the input 1, thus decoupling the two control problems. In the case
of a HD, with reduction ratio N and used in differential mode, if the WG (Wave Generator)
is considered as input shaft 1, the CS (Circular Spline) as input shaft 2, and the FS (Flexible
Spline) as output shaft, equations (4) and (5) are valid for rin1 = −N , rin2 = N/(N + 1).

In the following sections purely serial and quasi-antagonistic configurations (both of them in
an ordinary and differential implementation) will be described through some examples.



2.1.1. Purely serial - ordinary
The Double Actuator Joint (DAJ, [13]) consists of two motors connected in series: one of

them commands the equilibrium point of the joint which is connected to (positioning motor) and
the other one modulates the joint stiffness (stiffness control motor) via software control. The DAJ
represents a rigid implementation of the ordinary purely serial configuration. Since no physical
compliance is included, typical SEAs advantages (see section 1) cannot be exploited.

The Floating Spring Joint (FSJ, [35]) is an elastic version of the ordinary purely serial archi-
tecture. In Fig. 5a a conceptual diagram is reported. The Joint Motor (for position regulation)
uses a Harmonic Drive (HD) as reduction gear; its output is serially connected to a Variable
Stiffness Mechanism (VSM), which is composed by two cam disks separated by cam rollers and
connected by a pre-compressed linear spring. The relative rotation of these two disks causes an
elastic torque when the joint is passively deflected; the stiffness preset is physically regulated by
a Stiffness Motor by modifying the initial relative rotation of the disks.

2.1.2. Purely serial - differential
The SDAU (Serial-type Dual Actuator Unit, [33]) is a rigid implementation of the purely serial

differential configuration, where two motors are connected in series via a four-stage planetary gear
train. One high-torque low-speed motor (Position Actuator, PA) controls the position and the
other low-torque high-speed motor (Stiffness Modulator, SM) regulates the stiffness via software
control (as for the DAJ system).

Moreover, the SDAU architecture allows to switch among three operation modes [33]: ‘dual
actuation’ (PA controls the position and SM adjusts the stiffness), ‘high torque’ (a clutch mecha-
nism locks SM and only PA is activated) and ‘high velocity’ (both motors play the role of position
controller and their velocity can be summed if a small external load is applied).

An elastic implementation of the purely serial differential configuration is presented in [36].
In the VIDA (Variable Impedance Differential Actuator) two motors are connected to a HD in
differential mode: the FS is used as output shaft, a rotary impedance-controlled SEA (Impedance
Regulator, IR) is connected to the CS while a Position Regulator (PR) is connected to the WG
(which has high transmission ratio with respect to the FS). The VIDA system only adds series
elasticity with respect to the SDAU but no physical impedance regulation is allowed.

The features of differential HD are also exploited in the VS-Joint (Variable Stiffness Joint)
presented in [17] to regulate position and physical stiffness preset separately. In Fig. 6 a concep-
tual diagram and a picture of the prototype are reported. In the VS-Joint a high power Joint
Motor is connected to the WG for position regulation, a VSM is connected to the CS and the
output link is connected to the FS. The VSM is composed of four compression springs whose lin-
ear deflection is transformed by a cam-based system in a centering torque against the compliant
joint deflection. A small Stiffness Motor regulates the springs preload to change the resultant
joint stiffness. In case of a passive deflection of the joint the positioning motor does not move
and the output impedance is only determined by the VSM. On the other hand, the torque of an
active joint movement is transferred to the link directly from the positioning motor to the output
without additional friction and inertia of the VSM. Different shapes of the the cam disk profile
can be used to provide different stiffness characteristics of the VSM.

2.1.3. Quasi-antagonistic - ordinary
The AMASC (Actuator with Mechanically Adjustable Series Compliance) is presented in

[37]. The prototype is depicted in Fig. 7(a). In this actuator two motors are coupled in a quasi-



antagonistic configuration, using pulleys and cables. The AMASC system has been specifically
designed to adjust the dynamical properties of legged robots. In Fig. 7(b) a schematic overview
of the AMASC is given. The springs FY are linked to floating pulleys to create a nonlinear spring
function (G(z) is the pulley transmission function between the extension of the cable z and the
spring deformation y). The link to be actuated (leg) is placed on pulley J2. One motor controls
the rotation θ1 of pulley J1 (which corresponds to set the equilibrium position of the system with
a constant stiffness) and a second motor controls the displacement x3 resulting in a deformation
of the springs and in the regulation of the output stiffness.

2.1.4. Quasi-antagonistic - differential
The Quasi Antagonistic Joint (QA-Joint, [38]) is similar to the VS-Joint since it employs a

HD in differential mode with a VSM connected to the CS. From a comparison between Fig. 8a
and Fig. 6a it can be noticed that the VSM of the QA-Joint is composed of two antagonistic
nonlinear spring elements, while the one of the VS-Joint has not this antagonistic arrangement.

The compliant system consists of two progressive elastic elements opposing each other with
a variable offset. A cam bar is connected to the CS of the HD; two pairs of rocker arms with
cam rollers, each pair linked by a linear spring, act on different faces of this cam bar. A pair of
rocker arms is fixed to the housing while the other pair is connected to a stiffness motor, which
can modify springs pretension. A scheme of the elastic mechanism is reported in Fig. 8b. The
use of the cam-roller mechanism allows to achieve different torque/displacement characteristics
modifying the shape of the cam profile.

Due to the above-mentioned characteristics of the HD gear, output link position can be
changed without implying any motion of the elastic mechanism, thus reducing the moving parts
of the joint. It is noticeable that this advantage, already seen for the VS-Joint, is not present in
the FSJ where the HD is not used in differential configuration.

2.2. Parallel configuration
Two motors connected in parallel imply that the output torque equals to the algebraic sum

of the torque applied by each of the two motors. This can be achieved through two main con-
figurations. The purely parallel one is basically used to meet safety and performance demands
(as described in the following section) while the agonistic/antagonistic one allows a simulta-
neous regulation of position and stiffness taking inspiration from the working principle of the
musculoskeletal system in vertebrates.

Dynamic control of joints stiffness is crucial for animals to produce a wide range of stable
movements in accordance to tasks they have to perform, especially in environments where exter-
nal disturbances are present. Independent stiffness and position regulation are enabled by the
antagonistic arrangement of the musculoskeletal system: agonist and antagonist muscles drive
one articulation and common-mode actuation, i.e. the co-contraction of both muscles, increases
joint stiffness while differential-mode actuation allows position control.

Many robotic actuation solutions have been inspired by biological agonistic/antagonistic
setup. This actuation architecture implies two significant drawbacks: the necessity of using
complex control algorithms to achieve the desired behaviors and a reduced energetic efficiency.
Different configurations have been proposed: simple, cross coupled and bidirectional. Some exam-
ples are presented in the following section; more details, also regarding energetic considerations,
can be found in [6], where this classification was introduced.



2.2.1. Purely parallel - colocated and distributed
In the purely parallel colocated configuration two motors are directly connected to the load.

The colocated architecture (see Fig. 3a) does not offer advantages if transmissions are rigid since
the same effect can be achieved through a single motor with a higher torque, which would result
in a more compact and lightweight design solution.

In [39] a distributed approach (see Fig. 3b) was proposed to assure desired interaction forces
during constrained motion in robotic manipulators. In particular, a rigid macro/micro manip-
ulation system was developed to verify the possibility of reducing impedance and of providing
inherently stable behaviors in high bandwidth force control.

The Distributed Elastically Coupled Macro-Mini Parallel Actuator (DECMMA, [16]) adds
series elasticity to the one presented in [39] (see Fig. 3d). This architecture was designed to
overcome both the safety limitations of torque control [40] and the performance limitations of
SEAs [20]. The implementation of joint torque control provides near-zero impedance only within
the control bandwidth, thus high-frequency impacts cannot be attenuated. The SEA provides
low output impedance across the whole frequency spectrum but with bandwidth limitations
that strongly reduce performances with respect to traditional stiff actuators. The DECMMA
approach overcomes these limitations using a high torque-low frequency SEA and a low torque-
high frequency motor connected in parallel. In this way the torque generation is partitioned into
low- and high- frequency contributions with low impedance at all frequencies. The two motors
are located in different districts where they are most effective (distributed architecture): the
heavy and high torque SEA (the major source of actuation effort) is placed remotely from the
manipulator joint so to reduce its reflected weight and inertia while the small low torque motor
can be directly connected to the joint through a stiff, low friction transmission to locally improve
performance with a reduced amount of additional weight.

The PaCMMA (Parallel-Coupled Micro-Macro Actuator, [41]) is a compact implementation
of the DECMMA approach.

2.2.2. Agonistic/antagonistic - simple
The simple agonistic/antagonistic arrangement actually consists of two SEAs connected in

parallel to an output shaft (see Fig. 3e). It has to be noticed that, in order to have adapt-
able stiffness, the two series elastic elements have to be nonlinear [2, 42]. Quadratic springs
in an antagonistic configuration, for example, provide a linear relationship between actuator
co-contraction and joint stiffness [43]. Due to this nonlinearity a joint displacement under the
equilibrium state of low stretching requires small torques while the equilibrium state under high
stretching requires large torques to provide the same angular displacement.

If the torques generated by the two motors have different signs and the same magnitude
they compensate for each other and no net output torque is generated; however, these opposing
torques allow controlling the stiffness of the joint (pretensioning of the joint [44]). Therefore, if
torques of different magnitude are applied, their difference generates a torque on the load.

Several prototypes have been designed which implement the simple agonistic/antagonistic
architecture. Some representative examples are reported in Fig. 9 [45, 46, 47, 48, 49]. These pro-
totypes constitute the elementary implementation of the simple agonistic/antagonistic arrange-
ment; a more complex solution is represented by the Variable Stiffness Joint (VSJ) proposed in
[50].

In this system two actuators are connected in parallel and a compliant linkage provides the
possibility to vary the output stiffness. The linkage consists of four leaf springs connected to a



central axis and four pivots that slide along each spring thanks to rolling elements (Fig. 10). Four
4-bar linkage systems transmit the rotation of two motors to the pivots (Fig. 10); they rotate
together with the motors when they move in the same direction and with the same speed. In this
case the distance to the axis from the pivots does not change and the stiffness is kept constant.
The effective length of the springs changes when the motors rotate in opposite directions, thus
varying the joint torsional stiffness.

This symmetric architecture allows to share between both motors the power to move the load
or to change the stiffness. Even though the working principle is based on the physical modification
of elastic components, the system is classified as agonistic/antagonistic since the net action on
the output axis results from the differential contribution of the two parallel motors.

2.2.3. Agonistic/antagonistic - cross coupled
Simple agonistic/antagonistic configuration emulates muscles architecture (see Fig. 3e). Since

only pull modality is allowed, the maximum output torque cannot be higher than that of one
motor; moreover, no net output torque is available if the maximum stiffness is set ([6, 44]). The
elastic couplings existing between different human joints suggest a solution to this limitation:
the introduction of a third elastic element (see Fig. 3f) to cross couple the two motors enables
setting preload forces and using a fraction of each motor torque in both directions [51].

The VSA (Variable Stiffness Actuator) presented in [52] is an example of the cross coupled
agonistic/antagonistic configuration. In Fig. 11a a schematic view of the system is reported. The
pulleys 2, 3, and 4 are connected by the belt 1. Pulleys 2 and 3 are controlled by two motors,
while pulley 4 is connected to the joint shaft. The belt is tensioned by the elastic mechanisms 5,
6, and 7. The linear elastic elements 5 and 6 have a resultant nonlinear characteristic because of
the geometric properties of the transmission mechanism. The system 6 keeps the belt in contact
with the other two pulleys. When the two motors rotate in opposite directions the stiffness is
varied. Starting from the red configuration in Fig. 11b, a clockwise rotation of pulley 3 and a
counterclockwise rotation of pulley 2 cause the compression of spring 6 and the elongation of
springs 5 and 7, resulting in a more compliant configuration (green in Fig. 11b). When the two
motors rotate in the same direction the length of the springs does not change so that only the
equilibrium position is varied.

2.2.4. Agonistic/antagonistic - bidirectional
Another solution to overcome the energetic limitations of simple agonistic/antagonistic ar-

chitecture consists in using the push-pull configuration, i.e. a bidirectional connection of the
motors to the joint [51] (see Fig. 3g). It has to be noticed that, in order to guarantee that motor
continuously apply bidirectional torques to the output joint, the springs have to be constantly
pretensioned.

This arrangement, besides allowing the simple antagonism operating mode (as previously
described and also indicated as normal mode), also enables the motors to support each other
increasing torque capability of the system (helping mode) [44].

The normal mode assures a broad stiffness adjustment range for low external torques; the
helping mode allows the generation of an output torque up to twice the maximum torque of
a single motor (in case no pretensioning internal torque is generated), still maintaining stiffness
variation capability. Anyhow, the helping mode does not activate if no external torque is applied.

An external load can be shared by the two motors in different ways: output stiffness can be
varied by regulating the ratio of the torques applied by the two motors. Therefore, the limitations



to the range of allowable stiffness are provided by the following situations: i) maximum stiffness
is achieved when only one motor completely compensates for the external load, generating its
highest allowable torque; ii) minimum stiffness is achieved when the load is equally shared between
the motors.

The properties of the bidirectional agonistic/antagonistic, with particular regard to the help-
ing mode, are analyzed in detail in [44], where also a method to synthesize stiffness curve to ensure
stiffness variation capability in bidirectional mode is reported. Moreover the BAVS (Bidirectional
Antagonism with Variable Stiffness) is presented.

The second version of the Variable Stiffness Actuator (VSA-II, [51]) is also an example of
bidirectional antagonistic arrangement. A picture of the prototype is reported in Fig. 12a. The
system is made of two equal halves, each containing a pair of 4-bar elastic mechanisms (each pair
is actuated by one motor). The schematic representation of a 4-bar mechanism is depicted in
Fig. 12b; the motor is connected in O and its rotation is indicated with θ. A linear torsion spring
k is connected in C and β is the transmission angle in A. Because of the nonlinear kinematic
constraint between angles θ and β the torsion stiffness opposed to the rotation of axis O is also
nonlinear.

The motors torque is distributed in stiffness regulation and net output torque; this distribution
is different for the VSA and VSA-II, albeit for both architectures the external load decrease the
stiffness range [51]. In the first system a differential torque is required to achieve the minimum
stiffness thus reducing the torque available for the motion generation. In the second system the
minimum stiffness can be set without generating any differential torque. Moreover, an external
torque increases the maximum stiffness in the case of VSA while it decreases the stiffness in the
case of VSA-II [51].

2.3. Physically controllable impedance actuators
Solutions which cannot be just considered as serial nor parallel arrangements are described

in this section. In physically controllable impedance systems one of the two motors is employed
to directly modify the properties of a passive elastic element while the other one is in charge of
regulating position. A detailed classification and description of these kinds of solutions is reported
in [2].

In actuators with structure controlled stiffness [2] the physical structure of a spring is modified,
for example, varying the length of an elastic beam as for the Mechanical Impedance Adjuster
(MIA, [53]) or varying the number of active coils in a helical spring as in [9] or in the Linear
adjustable stiffness artificial tendon (LASAT, [54]); in actuators with mechanically controlled
stiffness [2] the effective physical stiffness of the system is also changed, but the full length of the
spring is always used.

In the Mechanically Adjustable Compliance and Controllable Equilibrium Position Actuator
(MACCEPA, [55]) the stiffness variation is achieved by changing the pretension of a spring. The
MACCEPA 2.0 [56]) is an improved version of this prototype.

A profiled disk is placed on the joint and it is directly connected to a linear spring through
a wire. A motor rotates the profiled disk and the wire is guided over the profile causing the
extension of the spring and the generation of an elastic torque (Fig. 13). A desired (even
direction-dependent) torque-angle curve can be achieved opportunely shaping the disk profile. A
third version of this system (Wheeled MACCEPA), which enlarges the stiffness range, is presented
in [57].



The HDAU (Hybrid-type Dual Actuation Unit, [33]) is based on an adjustable lever arm
mechanism. A modified planetary gear train is employed, where the sun gear is replaced with
rack gears. The differential action of two motors connected to the inputs of the modified planetary
gear train causes the rotation of the joint (position control) and the translation, through rack
gears, of linear springs blocks, thus enabling stiffness control by regulating springs engagement
point.

A variable spring lever arm system is also used in the AwAS (Actuator with Adjustable
Stiffness, [58]) where a linear drive tunes joint stiffness controlling the fixation points of two
opposing elastic elements. The working principle is also similar to the one presented in [59]
(Adjustable Compliant Series Elastic Actuator, ACSEA).

As reported in Fig. 14 motor M1 controls the position of the joint and it is rigidly connected
to an intermediate link; between this intermediate link and the output link two springs are placed.
The distance between the center of rotation of the joint and the attachment point of the springs
(lever arm) is modified by the motor M2 through a ball screw mechanism (Fig. 14b).

In this system a small amount of energy is needed to change the stiffness: when the output link
is in its equilibrium position the force generated by the springs is perpendicular to the direction
in which the linear drive acts to modify the lever arm and only friction causes energy dissipation;
when the joint is not in the equilibrium position, only a small component of the spring force is
parallel to the linear drive motion.

While in the AwAS the lever arm is modified by moving the location of the springs with
respect to a fixed pivot, in the AwAS-II, presented in [60], the location of the pivot is changed
while the springs are fixed. With this arrangement a wider range of stiffness and a lower regulation
time are achieved.

The MESTRAN (MEchanism for varying Stiffness via changing TRasmission ANgle, [61]) is
reported in Fig. 15. Link 1 is fixed while Link 2 rotates around O by means of a positioning motor
connected to Gear 2. The rotation of Link 2 is converted in a linear motion by a Cam/Follower
system. The action of the follower on the Slope-gear causes the Slope-carrier to translate and
to compress a linear spring; this results in a perceived elastic torque around the joint O. The
stiffness motor modifies through a Worm-gear the angle θ of the Slope-gear thus varying the
resultant torsional stiffness of the joint.

2.3.1. Physically controllable dampers
Despite being classified as actuators with physically controllable impedance, the systems

described in the previous sections are only employed to regulate stiffness.
Dampers are generally used to attenuate the oscillations induced in robotic systems in which

compliance is introduced, especially in the case of interactions with humans [62]. Systems with
fixed damping (passive dampers) can not adapt their dynamical actions to variations of kinematic
configuration or loading conditions. Moreover, impedance control (active dampers) is not able to
compensate oscillations at frequencies above the closed loop bandwidth. For these reasons semi-
active dampers, i.e. systems capable of modifying their physical properties with a low amount of
power, are being investigated.

Semi-active dampers based on ElectroRheological (ER) fluids or on MagnetoRheological (MR)
fluids are presented in [63, 64] and [65, 66, 67] respectively. In these systems, the fluid rheolog-
ical properties, and the resultant damping capability, are controlled through an applied electric
or magnetic field. These solutions have typically drawbacks in terms of bulk, weight and me-
chanical complexity, which hinder the integration in compact robotic joints. An alternative is



constituted by friction dampers, in which the contact between moving components produces fric-
tional forces. Damping can be modulated, for example, modifying the contact of two surfaces
through piezoelectric actuators as proposed in the VPDA (Variable Physical Damping actuator,
[62]) or compressing a stack of discs as for the WDB (Wafer Disc Brake, [68]) and for the SCA
(Series Clutch Actuator, [69]). These systems are clean, lightweight and they can be more easily
embedded in compliant joints but they vary their mechanical properties in time due to the wear
of the contacting surfaces. The damper proposed in [62] has been integrated in parallel to the
compliant element of the rotary SEA presented in [23] in order to regulate oscillations when
required. The resultant system (CompAct) has been described in [70].

In [71] a damper based on energy dissipation in a fluid is presented. A rotary joint shaft
is connected to a roller, pushed against a silicone tube (closed circuit) filled with mineral oil.
An adjustable localized pressure drop produces viscous stresses which generate a resistive torque
proportional to the joint angular velocity.

One actuator in which position, stiffness and damping are all separately regulated is the
RD-Joint (Redundant Drive Joint, [72]). It consists of a serial connection (achieved through a
differential mechanism based on pulleys and wires) of two subsystems: i) a motor with a HD
gear, which sets the position of the joint; ii) an Adjustable Stiffness and Damping Mechanism
(ASD-Mechanism), which physically regulates the impedance (both stiffness and damping) of
the joint. In the ASD-Mechanism leaf springs and linear air dampers (pistons which forces air
through orifices at a controlled rate) are used to provide fixed stiffness and damping; each of them
is made variable by controlling the transmission ratio of its connection with the output shaft.
This is achieved using two motors which modify the interconnections of linkage mechanisms.

3. Comparison of double actuation units

The main performance characteristics of rotary actuators are torque (peak and maximum con-
tinuous) and speed. In the case of VIAs, other fundamental characteristics have to be considered,
and in particular [38]: range of impedance (stiffness and/or damping) and impedance regulation
time. While an ideal VIA would maintain the torque capacity over the whole impedance range,
the actual impedance rendered by a real actuator may depend from the torque (and speed) de-
livered at specific working points. Therefore, the stiffness-torque characteristics is sometimes
reported. In the case of actuators embedding a physical elastic component, also the torque-
deflection characteristic, typical of this class of actuators, can be reported. For such actuators,
the maximum elastic deflection and the maximum energy stored are also usually reported.

Given the large number of mechanical parameters involved in the description of the per-
formances of VIAs, especially in the case of double actuation units, object of this paper, a
straightforward quantitative comparison among proposed devices is not at all trivial, and this
justifies recent research efforts aiming at producing standardized data-sheet templates, specifi-
cally intended for VIAs [73].

Actuators are usually designed having in mind different and sometimes very specific objectives,
which may call for different optimization functions (e.g. mass, impedance range, max deflection,
etc.). As an example, specific designs can be adopted to maximize power-to-mass ratio, or to
have the impedance range matching that of selected biological components, or to energetically
optimize desired dynamic tasks, such as throwing a ball, jumping and running.

Despite the variety of possible design targets, the applications where high power density and
minimum actuator mass/volume are required are not at all uncommon, especially in the field



of assistive, rehabilitation, industrial, bipedal and biomimetic robotics. The graphs shown in
Fig. 16 and Fig. 17 place some of the reviewed double actuation units in the power-mass and
power-volume planes. For visualization purposes, in Fig. 16 the nominal power, calculated as
the sum of the nominal power of each motor, is reported on a logarithmic scale. The device with
the maximum power is the the QA-Joint (320 W). The total mass comprises motors and variable
impedance mechanisms. Masses range from 0.5 kg to 5 kg.

The volume (also in logarithmic scale for visualization purposes), calculated on the basis of
dimensional information provided by the Authors, corresponds to the volume of the smallest ideal
cylinder or box which can be designed around the actuator. Typical volume for double actuation
units is in the range 0.7 - 5 l.

In Fig. 17 vertical bars range from nominal to peak torque (in logarithmic scale) for the
devices where both values have been provided by Authors. For some devices only one value
(nominal (n) or peak (p) torque) is available. The maximum torque is exhibited by the VS-Joint
(160 N m) with a mass comparable with other actuators and a volume next to the minimum of
volume range.

In Fig. 18 torque-to-mass vs. power-to-mass and torque-to-volume vs. power-to-volume are
reported. Torque-to-mass ratio is in the range 2.4 - 22 N m/kg for nominal torques, and in
the range 8 - 73 N m/kg for peak torques. Power-to-mass ratio is in the range 15 - 189 W/kg.
Torque-to-volume ratio is in the range 0.7 - 40 N m/l for nominal torques, 9 - 86 N m/l for peak
torques. Volumetric specific torques increase with power-to-volume ratio (which is in the range
12 - 342 W/l). For many actuators the nominal torque is in the order of 10 N m while the peak
torque is about 7 times higher.

Figures 16, 17 and 18 reveal great diversity and actuators of the same category cannot be
easily grouped.

The best performances are exhibited by FSJ and QA-Joint (highest torque- and power- to-
volume values), which both include custom frameless motors. The mechanical design of the
SDAU is not optimized, especially in terms of volume: the mass is smaller than that of the
other actuators, but the volume is comparable, with power and torque capabilities much lower.
Apparently physically controllable impedance actuators exhibit lower power- to-mass and to-
volume ratios with respect to the other categories, that can be due to mechanical complexity
of regulation mechanisms (e.g. variable lever arms, as described in section 2.3). Anyhow this
conclusion cannot be definitely stated since only few data are reported for the other categories.
VSA-HD has the smallest power- to-mass and to-volume ratios because this system has been
developed for demonstration purposes (as it will be described in section 4). Nonetheless nominal
torque is comparable to that of the most part of the other actuators.

VSA-II and BAVS are example of devices implementing the bidirectional agonistic/antagonistic
architecture. The different design solutions adopted greatly impact on specific torque and
power. The same consideration is valid for the QA-Joint and the AMASC, which both are
quasi-antagonistic systems.

A further comparison can be based on energetic considerations deriving from dynamical mod-
eling of the actuators as in [56]. Specific metrics for comparing energetic performances have been
recently proposed in [74]: the port-based modeling framework is used to analyze the power flows
in variable stiffness actuators. This approach analyzes energetic efficiency evaluating the power
transfer from the internal DOF to the output, independently of the load behavior. In particu-
lar, a dynamic measure, based on the ratio between the power captured by the internal elastic



components (and cannot be used to produce work on the output) and the total amount of input
power, is introduced.

In [74] this mathematical method is applied to the simple agonistic/antagonistic and quasi-
antagonistic architectures. For the first architecture it is demonstrated that the energy supplied
via the input port is much higher than the kinetic energy on the load, which means that input
energy cannot be completely transferred to the output port. A similar result was also achieved
for the second architecture. In both cases the power flow ratio is negatively affected by higher
springs pretension. This effect increases with the rate of change of the stiffness, and it is more pro-
nounced in the quasi-antagonistic architecture than in the agonistic/antagonistic configuration.
This analytical approach is very versatile and can be potentially applied to any class of actua-
tors. Of course, it requires dedicated modeling and it cannot be applied to actuators regulating
impedance purely via software.

Very interestingly, the port-based modeling approach has been successfully used not only to
analyze the performance of actuators, but also to guide the design of a novel energetically efficient
actuator, as it will be briefly reported in section 4.

Common advantages/disadvantages can be identified for the categories presented in this pa-
per, as reported in Table 1.

Serial configurations allow the decoupling of position and stiffness controls; as a drawback,
the maximum deliverable torque is limited by the smaller of the two motors.

Moreover, purely parallel configurations allow the partitioning of the generated torque in
high- and low-frequency contributions; in this case the use of a SEA for low-frequency/high-
torque generation guarantees low intrinsic impedance across the whole frequency spectrum. In
the agonistic/antagonistic actuation architectures, complex control laws are required because the
motors contemporarily contribute to control position and stiffness. Moreover, the mechanical
structure is elaborate and energetic efficiency is often reduced. Nevertheless, they are able to
reproduce the working principle of the muscoloskeletal system in vertebrates and they can be
successfully used as experimental platforms for neuroscientific studies on motor control or in
bioinspired robots.

Although the above-mentioned architectures provide the possibility of regulating stiffness
via software or by pre-compressing elastic elements, in actuators with physically controllable
impedance the properties of a mechanical component or the way it is connected to the load
can be changed. This kind of solution generally implies a complex mechanical structure but it
offers the advantage of providing physical mechanical impedance adaptable to different operative
conditions and suitable to improve energetic efficiency.

The addition of variable dampers (e.g. ER, MR or friction systems) in actuators with variable
stiffness can be useful to improve dynamical performances but it increases the complexity of the
mechanical design, as for the system presented in [72] where three motors are used for position,
stiffness and damping regulation. For this reason variable dampers are usually employed for joints
with a fixed compliance (e.g. in [66, 70]), in traditional robots where flexible components can
cause vibrations (e.g. in [63, 64]) or in rehabilitation devices where resistive torques are needed
[75, 76, 77].

4. Novel methodologies for dual actuation units design

Because of the growing interest in VIAs, novel design methodologies are currently being
investigated. In this section two different approaches will be presented: in [32] a systematic



enumeration of possible solutions to use two motors and an analysis of the expected performances
are reported (analytic approach); in [78] a mathematical framework for modeling variable stiffness
actuators and for optimizing efficiency is presented (synthetic approach).

The work [32] enumerates all possible arrangements resulting from the combination of two mo-
tors, two HD gears, one output shaft and a number of rigid or elastic elements as interconnections
between these elements.

A matrix representation is used to express all the possible configurations and an automated
algorithm filters out the solutions not responding to the required functional properties. A further
filtering process, grouping functionally equivalent systems, highlights 22 resultant architectures,
which include many of the actuators already developed and presented in the previous sections.

To verify the mechanical complexity of the layouts selected through the presented enumera-
tion, the Modular Variable Stiffness (MVS) prototype has been developed. MVS is composed of
two motors, two HDs, and a modular connection system, which allows to replicate all the con-
nections hypothesized for the enumeration process (rigid beams and linear traction springs with
lever arms are employed). Because of its mechanical simplicity, one of the possible 22 layouts has
been selected and fabricated as a stand-alone system. In this actuator (VSA-HD, [79]) one of the
two HDs has its CS connected to the mechanical frame through nonlinear elastic elements (as for
the FS of the second HD), while its FS is connected to the output shaft through a rigid element.
Moreover, the two CSs are rigidly coupled. This solution implements a serial connection of the
motors.

In [78] a port-based mathematical framework for analyzing and modeling energy efficient
variable stiffness actuators is developed. Based on the conditions set by the mathematical frame-
work, the conceptual design of a novel actuator is presented, demonstrating that impedance can
be regulated in an efficient way by properly exploiting the internal DOFs. In particular, stiffness
can be varied by only modulating the transmission ratio of an ideal transmission without using
any energy.

Following this guideline, an actuator, whose functional concept is reported in Fig. 19a, was
designed. The working principle is based on a linear spring connected to a lever arm of variable
effective length which determines how the stiffness of the spring is felt at the output. The
difference with respect to the AwAS, AwAS-II and H-DAU is that, in this case, the locations of
the spring and of the pivot are fixed while the point where the end-effector acts is variable [60].

The DOF q1 controls the transmission ratio from the spring to the end effector while the DOF
q2 directly control the end effector (which has position x). It has been demonstrated that if q̇1

is such that the stiffness varies as desired, and if q̇2 = − sin(φ)q̇1, the stiffness modification does
not require energy. A prototype matching the conceptual system of Fig. 19a is reported in Fig.
19b.

5. Conclusions

New actuation solutions have been developed in recent years to establish a safe and effective
human-robot interaction in rehabilitation and assistive robotics, to increase energy efficiency in
legged robots, to study human motor control in neuro-robotics, and to protect robotic joints
during impacts or to improve performances in industrial robots.

In these fields it can be necessary to provide variable impedance at the robotic joints. The ad-
vantages of separately controlling position and impedance, according to the different application
fields, can be basically resumed as the improvement of systems dynamical performances while



preserving safety or as the optimization of energetic exchanges with humans and/or external
environment.

Among possible solutions (use of impedance controlled direct-drive motors, geared motors
with torque feedback loops or SEAs) architectures involving more than one active element and
elastic components are increasingly being investigated. This paper aimed at presenting possible
configurations of double actuation units, which can be used to render variable impedance through
active control or, for the most part of state-of-the art prototypes, through mechanical regulations.

A classification of rotary double actuation systems has been introduced, including three main
categories: serial, parallel and physically controllable impedance. A critical analysis of the most
relevant features of each presented architecture has been carried out (see also Table 1). A straight-
forward comparison among all the presented prototypes is not easy since not all of them are
optimized for the same target application, nevertheless some common traits have been identified
for the introduced categories. Moreover, a quantitative comparison has been reported based on
torque, mass and volume data retrieved from literature. The overview, classification and compar-
ison of these systems can represent a general guideline for future designs of actuators in different
application fields.

Factors limiting the use of double actuation systems are inherent to the complexity of the
mechanical structure and of the required control algorithms. Moreover, a considerable on-going
research effort is currently being devoted to improve power- to-mass and to-volume ratios and
energetic efficiency, by exploiting both theoretical design tools and novel technological solutions.

In [78] a mathematical framework has been presented to assess energetic efficiency of VIAs,
also demonstrating that a particular class of solutions allows to physically modulate impedance
in an energetically conservative way.

Technical choices to improve the overall power-to-mass ratio can include the use of high-
performance frameless electromagnetic motors (as in [22, 23, 28, 34]) or the design of custom
compliant components to optimize weight and volume (as proposed in [28, 80, 81]). An alternative
to electromagnetic motors is constituted by pneumatic artificial muscles (e.g. McKibben muscles
[82] or PPAMs (Pleated Pneumatic Artificial Muscles) [83]). These systems provide intrinsic
compliance due to gas compressibility and to the flexibility of gas chambers but a considerable
drawback is the need of external compressors. As a promising solution, research on novel energy
transduction methods is leading to propellant-based chemical actuators able to directly convert
chemical energy into mechanical energy [84, 85].

In wearable assistive/rehabilitative robots, the requirements on mass/volume are particularly
strict. This is the reason why minimal actuation architectures are normally employed, possibly
including passive element with fixed compliance [24, 86]. Nevertheless, biomechanical studies
clearly demonstrate that the human musculoskeletal system deeply exploits the independent
regulation of both position and stiffness in several tasks, including locomotion and manipulation
[87, 88, 89]. Ideal actuation solutions for wearable robots should be able to replicate (in the
case of robotic prostheses) or to harmonically co-exist with (in the case of active orthoses) such
biomechanical systems. It is expected that in the coming years improvements on key enabling
technologies for actuators will allow a widespread diffusion of double actuation architectures in
these fields.

In legged robots double actuation solutions are currently considered for a decoupled regulation
of position and impedance inspired by animals’ locomotion and for improving energetic efficiency.
In this regards, the adjustment of mechanical properties of the legs can help switching among



walking, running and hopping. For pseudo-passive walkers, the modification of the robot natural
frequency is even more crucial to elicit stable limit cycles. The use of these actuation systems is
expected not to be hindered by requirements on bulk and weight.

In neuroscience the use of agonistic/antagonistic architectures, cannot be avoided if the hu-
man/animal muscular systems have to be reproduced for motor control investigations. Restric-
tions on mass and dimensions are not excessively strict for the design of bio-inspired platforms
validating neuroscientific hypotheses. Rather, technological solutions are becoming more and
more sophisticated to reproduce the cellular array structure of muscles (for example using Shape
Memory Alloys (SMA) elements [90]) or to fabricate bio-micro-actuation units using human
tissues ([91, 92]). In this sense, a thigh collaboration is expected to be established between
neuro-robotics and (bio)material engineering.

In industrial robotics, the need of minimizing risks arising from unpredictable collisions and
from the interaction during physically shared tasks is primary and cannot completely rely on
control software. In this context the widespread adoption of compliant actuation, with adjustable
properties for low stiffness-high speed and high stiffness-low speed motion, is likely to happen in
the close future.

In general, the current research trend is moving towards the design of actuators with physi-
cally controllable impedance, i.e. highly efficient systems physically adaptable to a wide range of
dynamic operative conditions. To this aim the most recent works presented in section 4 are de-
voted to the identification of novel design methodologies where mathematical tools are employed
to optimize actuators performances, varying impedance in an energetically efficient way. Despite
of that, translating these concepts into practical design is still an open point for future research.
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[5] A. Albu-Schäffer, O. Eiberger, M. Grebenstein, S. Haddadin, C. Ott, T. Wimbock, S. Wolf, G. Hirzinger, Soft
robotics, Robotics & Automation Magazine, IEEE 15 (2008) 20 – 30.

[6] R. Filippini, S. Sen, A. Bicchi, Toward soft robots you can depend on, Robotics & Automation Magazine,
IEEE 15 (2008) 31 – 41.

[7] E. Guglielmelli, M. Johnson, T. Shibata, Guest editorial special issue on rehabilitation robotics, Robotics,
IEEE Transactions on 25 (2009) 477 – 480.

[8] M. Ishikawa, P. V. Komi, M. J. Grey, V. Lepola, G.-P. Bruggemann, Muscle-tendon interaction and elastic
energy usage in human walking, Journal of Applied Physiology 99 (2005) 603–608.

[9] K. Hollander, T. Sugar, D. Herring, Adjustable robotic tendon using a ‘Jack Spring’™, 9th International
Conference on Rehabilitation Robotics, ICORR (2005) 113 – 118.



[10] M. H. Raibert, Hopping in legged systems–modeling and simulation for the 2D one-legged case, IEEE Trans.
Systems, Man, and Cybernetics 14 (1984) 451–463.

[11] S. Collins, A. Ruina, R. Tedrake, M. Wisse, Efficient Bipedal Robots Based on Passive-Dynamic Walkers,
Science 307 (2005) 1082–1085.

[12] B. Webb, Can robots make good models of biological behaviour?, Behavioral and Brain Sciences 24 (2001)
1033–1050.

[13] Y. Mukaibo, S. Park, T. Maeno, Equilibrium point control of a robot arm with a double actuator joint,
International Simposium on Robotics and Automation (2004).

[14] A. Bicchi, G. Tonietti, Fast and “soft-arm” tactics [robot arm design], Robotics & Automation Magazine,
IEEE 11 (2004) 22 – 33.
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Figure 1: Serial (a) and parallel (b) arrangements of two motors.
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SERIAL ARCHITECTURES
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Figure 2: Serial architectures. In the differential transmission symbol the smallest circle is the output while the
outer circles are the two inputs. The represented springs are in general nonlinear.Figure 2: Serial architectures. In the differential transmission symbol the smallest circle is the output while the

outer circles are the two inputs. The represented springs are in general nonlinear.



PARALLEL ARCHITECTURES
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Figure 3: Parallel architectures. The represented springs are in general nonlinear.
Figure 3: Parallel architectures. The represented springs are in general nonlinear.



Double actuation architectures!

Serial! Parallel!

Differential!

Quasi-antagonistic!
(elastic/rigid)!
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!
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Figure 4: Classification of double actuation architectures.

to be about 60 Nm [10], [11]. Maximum human arm
stiffness on joint level is still under investigation and a
topic controversially discussed. Some indications lead to
a value of about 350 Nm/rad on joint level in the elbow
[12].

• In order to achieve accurate positioning as well as robust
and predictable dynamics the robot arm should have a
stiff structure and high resolution position sensors.

• An important goal during the design process was to keep
friction as low as possible.

• Application of absolute position sensors, in order to
measure the complete joint state.

III. ENERGY BASED DESIGN

The layout of the DLR FSJ is derived from the energy
point of view. In elastic joints the kinetic energy is stored
in the connected links and the joint motor. Potential energy is
stored in the elastic element and in the links due to gravitation.
Energy is transformed between kinetic and potential energy
repeatedly during arm movement. Therefore it is essential
that the energy can be transformed efficiently. It is important
that the amount of potential energy is well balanced with the
intended tasks and the resulting dynamics.

That implies at first that we keep the friction in general as
low as possible so that we do not loose the energy unintention-
ally during operation. So we have to avoid friction bearings,
and reduce the overall number of bearings. Secondly we
require highly efficient motors and gears that also feature high
peak energy throughput. Therefore we use Robodrive motors
and Harmonic Drive gears. Finally the VSJ performance is
mostly determined by the design of the spring mechanism.
The proposed mechanism is designed to use the spring energy
of a single mechanical spring efficiently to to generate the
desired torque and to reduce losses due to pretension in order
to alter the joint stiffness.

A. Joint Mechanics

The DLR FSJ (see Fig. 2 and 3) is designed as a variable
stiffness joint device with two electromechanical actuators of
significantly different size. The big Robodrive ILM 50x14 SP
motor is dedicated to move the joint by setting the equilibrium
point of the joint. The purpose of the smaller Robodrive
ILM 25x8 SP motor (equipped with a nadj = 1000 : 1 gear
box) is to change the stiffness preset of the joint. However
there is some coupling in between them (see section III-C) -
not only with external load applied like other VSJ but also
at zero external load. The variable stiffness mechanism is
attached to the Harmonic Drive gear CSD-25 (ratio nmain =
80 : 1) of the main motor in a series setup at its output
shaft (see Fig. 4). The serial setup was chosen, because the
presented joint mechanism could be kept more compact in
that way. The serial setup is less advantageous compared to
the differential setup of previous joint prototypes the VS-Joint
and the QA-Joint regarding the link side inertia. So the full
joint mechanism has to be accelerated by the main motor.
Nevertheless the highly integrated design results in a link

side inertia (see Table I) which is still an order of magnitude
smaller than the whole connected individual links of the arm.

Fig. 2. The DLR Floating Spring Joint (FSJ).
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Fig. 3. Cross section of the FSJ.

!"#$%
&"%"' (#$)

*%#++$,--
&"%"'

!"#$"%&'()*$++,'--
.'/0",$-1

2"#13,$/(4#$5'(6'"#

Fig. 4. The spring mechanism of the FSJ is located in series between the
harmonic drive gear box of the main actuator and the link.

The core of the joint is the spring together with its sur-
rounding nonlinear and adjustable transmission mechanics as
depicted in Fig. 5. The spring pulls the two cam disks together
with respect to each other. The spring is not attached to any
part of the housing. In between the cam disks rotate the cam
rollers, which are mounted to the roller base and with it to
the gear output of the harmonic drive gear. The cam disks are
guided by linear bearings in the axial direction. One cam disk
is rotationally supported by the link output, the other by the
stiffness adjusting motor. The stiffness adjusting motor rotates
the cam disks with respect to each other to gain a stiffer joint
setup. A passive joint deflection as well as an increase of the
stiffness setup is pushing the cam disks apart.

The joint is equipped with 5 position sensors, of which 2
pairs are redundant. The following positions are measured in
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to be about 60 Nm [10], [11]. Maximum human arm
stiffness on joint level is still under investigation and a
topic controversially discussed. Some indications lead to
a value of about 350 Nm/rad on joint level in the elbow
[12].

• In order to achieve accurate positioning as well as robust
and predictable dynamics the robot arm should have a
stiff structure and high resolution position sensors.

• An important goal during the design process was to keep
friction as low as possible.

• Application of absolute position sensors, in order to
measure the complete joint state.
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The layout of the DLR FSJ is derived from the energy
point of view. In elastic joints the kinetic energy is stored
in the connected links and the joint motor. Potential energy is
stored in the elastic element and in the links due to gravitation.
Energy is transformed between kinetic and potential energy
repeatedly during arm movement. Therefore it is essential
that the energy can be transformed efficiently. It is important
that the amount of potential energy is well balanced with the
intended tasks and the resulting dynamics.

That implies at first that we keep the friction in general as
low as possible so that we do not loose the energy unintention-
ally during operation. So we have to avoid friction bearings,
and reduce the overall number of bearings. Secondly we
require highly efficient motors and gears that also feature high
peak energy throughput. Therefore we use Robodrive motors
and Harmonic Drive gears. Finally the VSJ performance is
mostly determined by the design of the spring mechanism.
The proposed mechanism is designed to use the spring energy
of a single mechanical spring efficiently to to generate the
desired torque and to reduce losses due to pretension in order
to alter the joint stiffness.

A. Joint Mechanics

The DLR FSJ (see Fig. 2 and 3) is designed as a variable
stiffness joint device with two electromechanical actuators of
significantly different size. The big Robodrive ILM 50x14 SP
motor is dedicated to move the joint by setting the equilibrium
point of the joint. The purpose of the smaller Robodrive
ILM 25x8 SP motor (equipped with a nadj = 1000 : 1 gear
box) is to change the stiffness preset of the joint. However
there is some coupling in between them (see section III-C) -
not only with external load applied like other VSJ but also
at zero external load. The variable stiffness mechanism is
attached to the Harmonic Drive gear CSD-25 (ratio nmain =
80 : 1) of the main motor in a series setup at its output
shaft (see Fig. 4). The serial setup was chosen, because the
presented joint mechanism could be kept more compact in
that way. The serial setup is less advantageous compared to
the differential setup of previous joint prototypes the VS-Joint
and the QA-Joint regarding the link side inertia. So the full
joint mechanism has to be accelerated by the main motor.
Nevertheless the highly integrated design results in a link

side inertia (see Table I) which is still an order of magnitude
smaller than the whole connected individual links of the arm.

Fig. 2. The DLR Floating Spring Joint (FSJ).

!"#$%&'('

!"#$)*++,-'

)*.".&*/"+$0122*-.,3
!"#$%&'($41&3,

5*&/.
6*.*-

0.&77/,''$8391'.&/:$6*.*-
;"-#*/&<$
%-&=,$4,"-

;>2*&3$4,"-

)*++,-$?"',

Fig. 3. Cross section of the FSJ.

!"#$%
&"%"' (#$)

*%#++$,--
&"%"'

!"#$"%&'()*$++,'--
.'/0",$-1

2"#13,$/(4#$5'(6'"#

Fig. 4. The spring mechanism of the FSJ is located in series between the
harmonic drive gear box of the main actuator and the link.

The core of the joint is the spring together with its sur-
rounding nonlinear and adjustable transmission mechanics as
depicted in Fig. 5. The spring pulls the two cam disks together
with respect to each other. The spring is not attached to any
part of the housing. In between the cam disks rotate the cam
rollers, which are mounted to the roller base and with it to
the gear output of the harmonic drive gear. The cam disks are
guided by linear bearings in the axial direction. One cam disk
is rotationally supported by the link output, the other by the
stiffness adjusting motor. The stiffness adjusting motor rotates
the cam disks with respect to each other to gain a stiffer joint
setup. A passive joint deflection as well as an increase of the
stiffness setup is pushing the cam disks apart.

The joint is equipped with 5 position sensors, of which 2
pairs are redundant. The following positions are measured in
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Figure 5: Conceptual diagram (a) and prototype (b) of the FSJ [35].

of the skills of a joint [3]. Similar to a human, who can
change the stiffness of his joints by straining the agonist
and the antagonist, the stiffness can be changed according to
the performed task. One approach for a variable stiffness is
an antagonistic system like in the natural archetype, which
is successfully implemented in [4], [5], [6]. Two opposing
actuators of similar size and series elastic elements drive one
link by moving in the same direction and change the joint
stiffness by moving in the opposite direction. In every case
the friction of both motors and maybe the spring mechanisms
determine an energy loss. Furthermore, unless less efficient
non-backdrivable gears are used, a high stiffness setting
demands a constant torque of both actuators in opposing
directions. This has also some drawbacks in the energy con-
sumption. The approach in [7] aims at a reduction of these
effects by motor cross-coupling. However, an antagonistic
system is capable to distribute the power of both motors
completely to the change of stiffness. Using a setup in which
the motors are not opposed in the antagonistical way promise
to have less energy consumption, a smaller volume and lower
mass [8], [9], [10]. This of course depends on the design
and the desired task. When the mechanical behavior of the
system can be adjusted close to the desired overall system
behavior, it is possible to reduce the control effort with
preexisting knowledge of the desired application (impedance
matching). Especially for cyclic motions and trajectories,
in which the link has to be stopped and accelerated in
the opposite direction like walking, running, or throwing,
a preset can be given to the system according to the applied
load and speed [12], [13], [14]. In some cases one stiffness
preset is enough for the whole performed application, but
in a real environment the robot has to adapt its stiffness to
changing objects and desired tasks. In this case a continuous
and fast change of the stiffness setup is needed. Compared to
a conventional robot like the DLR Justin [15], the stiffness of
a variable stiffness joint is still orders of magnitude less. In an
unknown environment with the possibility of sudden impacts,
the joint will be set to a stiff setup to prevent the joint from
overload and running into the hardware limits. High stiffness
will provide better results in a precise positioning task. In
contrary a soft preset will be the best choice for a gentle
manipulation in a sensitive environment.

The previous considerations are leading to the develop-
ment of the variable stiffness joint (VS-Joint) presented in
the following sections. Compared to state-of-the-art systems
the new development addresses particularly the performance,
compactness, and friction of the system.

II. VS-JOINT MECHANICS

A. Requirements

The aim of the development of the new VS-Joint (patent
pending) is to introduce a mechanical passive compliance
into a robot joint. It should be possible to change the stiffness
of the joint continuously and with the maximum load applied.
The maximum output torque should be at least 120 Nm.
Other design goals are low weight, and a compact and robust
mechanics, which allows the assembly in a robot arm system

Harmonic Drive Gear

Circular Spline

Flex Spline

Wave Generator

Variable Stiffness
Mechanism

Fig. 2. Principle of variable stiffness joint mechanics. The circular spline
of the harmonic drive gear is supported by the new mechanism.

of the size of a human arm. Low friction and inertia at the
link side are required for a high bandwidth of the spring
mechanism and a low energy loss in operation.

B. Design

The concept of the VS-Joint is based on two motors of
different size to change the link position and the stiffness
preset separately, see Fig. 2. The high power motor changes
the link position and is connected to the link via a harmonic
drive gear. Mechanical compliance is introduced by the VS-
Joint mechanism, which forms a flexible rotational support
between the harmonic drive gear and the joint base. The
joint stiffness is changed by a much smaller and lighter
motor, which changes the characteristic of the supporting
mechanism.

The harmonic drive gear consists of three main parts. In a
standard setup the wave generator (WG) is connected to the
motor axle, the flex spline (FS) is attached to the link and the
circular spline (CS) is fixed to the base of the joint. In the
VS-Joint the circular spline is pivoted. The mechanism of the
VS-Joint acts as a spring like support between the circular
spline and the joint base. In case of a passive compliant
deflection ϕ of the joint, the CS and the FS rotate relative
to the base. The formula for the gear motion with a nominal
transmission ratio of 100/1 is given in (1), where the angle
indices are the corresponding gear part names.

ϑCS =
100
101

ϑFS +
1

101
ϑWG (1)

The VS-Joint mechanism provides a centering torque τ
against the compliant joint deflection. The extent of the
torque can be influenced by the stiffness actuator. The
mechanism transforms the rotation of the CS into a linear
motion of a slider, see Fig. 3. This is done by 4 cam rollers
running on a rotationally symmetric cam disk, which is
connected to the CS. The cam rollers are connected to the
slider, which is guided by linear bearings in axial direction.
A motion of the slider compresses 4 spiral springs, which
results in a force on the cam rollers, see Fig. 4. The force is
transmitted by the cam rollers to the cam disk and results in
a centering torque. The force of the springs can be increased
by moving the spring base towards the cam disk. The spring
base is realized in the form of a second slider. Preload
is created by moving the spring base slider via a spindle
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Cam Disk
(Fixed to

Circular Spline)

Cam Rollers

Connection to
Linear Bearing

Roller Slider

Spring Base Slider

Spindle

Axis of Rotation

Stiffer
Preset

Translational
Deflection

Joint
Deflection

Fig. 3. VS-Joint mechanism. The joint axis is in the vertical direction.
The cam disk rotates on a compliant joint deflection according to (1) which
results in a vertical displacement of the roller slider. A stiffer joint preset
is achieved by moving the spring base downward.

(a)

Cam Disk

Linear Bearing

Roller

(b)

Roller Position
of Undeflected Joint

α

Deflection

F
τ

Fig. 4. Unwinded schematic of the VS-Joint principle in centered (a)
and deflected (b) position. A deflection of the joint results in a horizontal
movement of the cam disk and a vertical displacement of the roller. The
spring force generates a centering torque on the cam disk

attached to the stiffness adjusting motor (Maxxon EC22 with
an intermediary planetary gear).

Concerning passive spring deflection and active joint
movement, the location of the VS-Mechanism has signifi-
cant benefits regarding the system inertia and the resulting
bandwidth. The main parts of the mechanism are rotationally
fixed to the joint base. A passive deflection rotates only the
CS, the cam disk, and its bearing together with the link.
The added inertia of these three parts is kept very low (see
Table I) and the joint motor with the WG are not moved. The
torque of an active joint movement is transferred directly via
the gear from the joint motor to the link without additional
friction and inertia of the VS-Mechanics.

The cam disk can have different kind of shapes. A concave
shape results in a progressive, a convex in a degressive, and a
linear in a linear system behavior. By shaping the cam disk
in a concave way with a radius lower or the same as the

TABLE I

VS-JOINT PROPERTIES

Max. Torque 160 Nm

Max. Deflection ± 14 ◦

Diameter 97 mm

Length 106 mm

Weight (incl. stiffness adjuster) 1.4 kg

Link Side Inertia 2.34× 10−4 kg m2

cam rollers, the system torque behavior at this point will be
a jump or a resting point respectively. It can be overcome
by a torque rising above a certain threshold. The shape of
the cam disk can also be designed to have a different system
behavior depending on the deflection direction.

C. Layout

Several cam disks have been built, however, in the fol-
lowing only one cam disk with a symmetric concave shape
of a constant radius R = 19 mm will be discussed. The
cam rollers have a radius r = 8 mm and roll on a radius
c = 33 mm relative to the joint axis. The springs have a
overall spring constant of k = 908 N/mm. The stiffness
adjusting motor position σ is limited to σmax = 630 ◦, which
will be considered as 100% in the following.

In the unwinded model of the system the joint deflection
is c ϕ and the angle α is:

α = sin−1

(
c ϕ

R− r

)
(2)

The displacement of the cam rollers y in the direction of the
joint axis

y = (R− r) (1− cos α) (3)

and the displacement of the stiffness adjusting slider result
in the compression of the springs. By multiplying this
displacement with the spring constant the spring force results

F = k
(
(R− r) (1− cos α) +

σ

π

)
. (4)

It generates the centering torque

τ = Fc tan α = kc tan α
(
(R− r) (1− cos α) +

σ

π

)
(5)

of the system. The stiffness is

S =
dτ

dϕ
= kc2

[
− 1 +

R− r + σ
π

(R− r) cos α
+

+

(
R− r + σ

π

)
c2ϕ2

((R− r) cos α)3

]
(6)

and the potential energy stored in the system is

E =
∫ ϕ

0

τdϕ = −k

[
1
2

c2ϕ2 +

+ (R− r)
((

1 +
σ

π

)
cos α +

σ

π
−R + r

)]
. (7)

The progressive shape of the cam disk forms an intrinsic
protection of the system, which prevents the joint from
running into the hardware limits. When they are reached, the
spring mechanism is bypassed with a mechanical blocking.
In this case the gear is the direct connection between the link
and the motor inertia. A speed difference of motor and link
then results in a torque peak, whose magnitude is depending
on the gear flexibility. This torque peak of the inner system
impact may cause serious damage to the system.

The system behavior with a deflection in positive direction
is presented in Fig. 5. The system is built symmetrically
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(a) (b)

Figure 6: Conceptual diagram (a) and prototype (b) of the VS-Joint [17].
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Abstract—Running is a complex dynamical task which places
strict design requirements on both the physical components and
software control systems of a robot. This paper explores some of
those requirements and illustrates how a variable compliance
actuation system can satisfy them. We present the design,
analysis, simulation, and benchtop experimental validation of
such an actuator system. We demonstrate, through simulation,
the application of our prototype actuator to the problem of biped
running.

I. INTRODUCTION
A robot designed specifically for autonomous legged loco-

motion should be capable of highly dynamic running, jumping,
and stumble recovery, and should achieve these capabilities
while being energetically efficient. In order to accomplish
these goals, we believe a leg spring of sufficient capacity to
store the energy of a running gait is a necessity. Furthermore,
we believe variable leg spring stiffness provides an important
means for effective gait control.
One could concieve of two extremes of actuator design that

would create these desirable properties: high-bandwidth actu-
ators with all dynamics described by software control policies,
or carefully designed mechanical systems with tuned natural
dynamics that require no software control. The first method is
flexible, although actuators with sufficiently high bandwidth
and power capacity may not exist for the locomotion task.
The second approach is quite inflexible, and requires extensive
knowledge of the desired behavior before construction, but
there is no bandwidth limit preventing the mechanism from
behaving as intended at high frequencies. This method is task-
specific, and the resulting designs are unlikely to be able to
perform the breadth of tasks required for running.
Our actuator design, shown in Figures 1 and 4, represents

a carefully chosen balance between the two design extremes.
The natural dynamics of the system are carefully designed and
are utilized where possible, while the software controller adds
energy that is lost in the mechanism, and creates behaviors
that are not inherent in the natural dynamics. The actuator
exhibits natural dynamics that are similar to those of animals,
and is based on a previously developed mathematical model
of running, shown in Figure 2, the spring loaded inverted
pendulum (SLIP) [1], [2], [3].

II. BACKGROUND
Most research papers that analyse the mechanics of running

base this analysis on some form of the SLIP model. This model
describes the motion of the center of mass of a running animal
[4], [5] or a running robot. The basic definition of running [6]

Fig. 1. The actuator prototype, mounted rigidly at the hip to an optical table

M
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!

Fig. 2. The Spring Loaded Inverted Pendulum model of legged locomotion

is linked to the SLIP idea – energy is transferred from kinetic
energy in the flight phase to spring energy in the stance phase,
and vice versa. The natural physical instantiation of the SLIP
model utilizes passive leg springs for this energy storage.

A. Compliance and Running
Physical series compliance is virtually necessary to achieve

a successful running gait. Simulating compliance using a rigid
actuator such as an electric gearmotor is not feasible for three
reasons: bandwidth limitations, power output limitations, and
energetic efficiency. The bandwidth limitation of an electric
motor is due, in large part, to the high reflected inertia linked
rigidly to the robot leg, making a correct dynamic response
to impacts impossible. The power density of a physical
spring is arbitrarily high, depending on its stiffness, making a
compelling argument for combining the relatively high work
capacity of a motor and power source with the high power
density of a physical spring. Springs are particularly useful in
rhythmic systems, because energy can be stored and released

a general spring force function Fy(y) and a general pulley
transmission function y = G(z), where z is the extension of
the cable out of the pulley, the force as a function of z is

Fz(z) = Fy (G(z))
∂G

∂z
(z),

allowing for suitable shaping of the overall effective spring
function through choice of the pulley transmission function
G(z).
After creating a nonlinear spring function (for example,

Fz = Kz2), placing two such spring/pulley systems in direct
opposition results in a single effective torsional spring whose
stiffness is determined by the pretension on each individual
nonlinear spring. For the example quadratic spring, the result-
ing effective spring force is

Feff = 4Kx3∆x,

where x3 represents the pretension on the two nonlinear
springs and ∆x represents the deflection from their rest
position. In this manner, the stiffness of the resulting system
can be changed by adjusting the pretension. In practice, the
rate at which this parameter can be varied depends on the
actuator and transmission used. Our prototype is intended for
relatively slow changes at low force, such as during the flight
phase of a running gait.
Many of the mechanism design challenges are common

ones; for example, minimizing friction, backlash, and inertia.
In order to create a low-friction, zero-backlash system, our
actuator utilizes a high-speed cable drive [21]. Any stretch
in the cable effectively adds series compliance to the system,
and is easily incorporated in the model. The cables may easily
be routed around joints and may flex in two planes, allowing
the motors to be located remotely. They are not constrained
to a single degree of freedom, like standard belts or gears.
Figure 4 shows the cable routing, illustrating the role of each
motor in the tension of the two springs. Also shown is the
fact that a displacement of the leg (θ2 or x2) results in either
displacement of the motor (θ1 or x1) or displacement of the
springs. There is a speed reduction between θ1 and θ2, not
shown on the diagram; it is implemented using a combination
of a block-and-tackle pulley mechanism and a difference
in diameters between θ1 and θ2. The speed reduction is
physically located near the knee joint, but diagrammatically
located near the motor, θ1. All friction related to the speed
reduction is applied to θ1 and corresponds to B1, while the
inertia corresponds to J1. A speed reducer also amplifies
the motor inertia by the square of the speed reduction; this
amplification appears in the relatively large values of M1. The
transmission between θ2 and the springs has very low friction,
and no speed reduction. Because the high-frequency behavior
of the system is generally handled by the springs, low friction
and inertia are most important in this part of the actuator.
The low-frequency behaviors of the system are handled by
the motor, and thus friction and inertia can be overcome by
relatively low-bandwidth software compensation.

B. Control System Design
The control system is designed for the mechanical model

shown in figure 3, and is intended to accomplish two basic
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Fig. 4. Cable routing diagram of the actuator. J1 and J2 are pinned in place
but can rotate freely; the spiral pulleys are also pinned in place but free to
rotate. The remaining four pulleys are floating, and can move sideways as
well as rotate. Refer to Table 1 for notation descriptions.
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Fig. 5. The ideal case of our actuator, with three parameters: spring rest
length, x∗2 , spring stiffness, K∗, and knee joint damping, B∗.

tasks. The first is to adjust the mechanism configuration so
its physical properties match the commanded spring stiffness
and rest length. The second is to actively control the motor
(x1) to simulate the proper settings, when the mechanism is
either out of adjustment range or in transition to the correct
configuration. In the ideal setting, the motor will have to do
very little work, and will allow the mechanical springs to store
and release most of the energy in a running gait.
Adjusting the spring stiffness is accomplished with a simple

PID position controller on the pretension motor, x3. We ignore
load forces and use a much larger motor than necessary for the
current prototype. Because the specific position of this motor
corresponds to a specific effective stiffness Keff , no further
control is currently required.
Adjusting spring rest length is accomplished using a simple

PD controller on the position of x1, with some added com-
plexity when the pretension x3 is not properly adjusted. In
the ideal case, shown in Fig. 5, x1 is fixed at the desired set
point x∗2, and the spring physically matches the desired spring
stiffness K∗. There is some damping in the real system, and
it is possible that some damping will be desired in the ideal
system, so it has been added to the model, though it can easily
be set to zero. To simulate this system, we must control x1 so
that it will simulate the desired spring stiffness if the physical
system does not match our desired system. The torque on the
leg applied by the physical system should match the torque
on the leg applied by the desired system,

Keff (∆x, x3)r2 +
B2

r2
ẋ2 = (x2 − x∗2)K

∗r2 +
B∗

2

r2
ẋ2.

Assuming the dependence of Keff on ∆x is linear (recall
that ∆x = x2 − x1), we can solve this equation for x1 to
calculate the desired position, x∗1,

(a) (b)

Figure 7: Prototype (a) and schematic diagram (b) of the AMASC [37].



DLR QuasiDLR Quasi--Antagonistic JointAntagonistic Joint

Shape of cam bar Shape of cam bar pp
adaptable adaptable 
to desired progressive to desired progressive p gp g
characteristicscharacteristics

Characteristics 1
ϕ eϕ ϕ2

Constant stiffness − + + +

Minimum stiffness − − − +

Maximum stiffness + + + − −
Spring Energy − + + +

Joint protection ± + −

TABLE II

COMPARISON OF TORQUE CHARACTERISTICS

To be able to utilize most of the joint maximum torque
(e.g. 1−c = 95 %), maximum stiffness has to be limited
to ∫ σ

σ−ϕres

K(σ, ϕ)dϕ ≤ cτJ,max. (9)

These conditions determine the relationship between
applicable load with safe speed and stiffness.

• Energy storage. The potential joint elasticity can be
used for absorbing kinetic energy of an impact or during
catching heavy objects. It can also be used for additional
acceleration of the link [13], [15] by appropriate motion.
However, one has to be aware that the stored energy may
also cause unwanted acceleration. This is e.g. the case
when losing contact to an object or due to malfunction.
Thus, the energy level should be kept moderate and the
reaction of the active parts has to be fast enough to
prevent severe damage in case of faults.

The properties described above influence the choice of
the torque displacement characteristics significantly. Unfor-
tunately, they cannot be maximized at the same time. In
Table II we qualify the influence of selected torque/deflection
characteristics, comparing rational, low progressive exponen-
tial, and quadratic torque displacement curves.

IV. JOINT DESIGN AND MODEL

For the technical realization of the joint it is important to
achieve a compact design and light-weight structure for low
inertia and thus high bandwidth of the robot. Furthermore,
it is crucial for most control features developed at DLR
to provide high quality torque feedback, which implies low
friction and low hysteresis in the compliant mechanism.

A. Joint design

(a)
Motor 2

Motor 1

(b)

Motor 1

Motor 2

Fig. 4. Variable Stiffness Actuator with nonlinear progressive springs in
antagonistic (a) and quasi antagonistic (b) realization. Principle of the elastic
mechanism (right).

Overall, the superposition of agonist and antagonist action
with different offsets results in the desired variable stiffness.
The QA-Joint consists of a link positioning drive with
HarmonicDrive gears and the elastic mechanism with the

Cam Bar

Rocker Arm

Spring

Stiffness Actuator

Connection to
Circular Spline

Fig. 5. Cross section of the Quasi Antagonistic Joint design.

Property Value

Torque capacity τJ,max = 40 Nm

Maximum positioning drive speed θ̇max = 3.8 rad/s

Maximum elastic deflection ϕmax = 3 . . . 15 o

Maximum spring energy Emax
ϕ = 2 x 2.7 J

Stiffness range (τJ = 0) 20 . . . 750 Nm/rad

Maximum stiffness adjustment time 0.12 s

Mass 1.2 kg

TABLE III

TESTBED PROPERTIES

stiffness actuation drive. The main difference to a classical
antagonistic joint is that the two motors are not used in
a symmetric configuration as agonist and antagonist, c.f.
Fig. 4 a. Instead, one motor (the link drive) adjusts the
link side position, while the second motor (the stiffness
drive) operates stiffness adjustment, c.f. Fig. 4 b. With this
arrangement the adjustment of position and stiffness are
already decoupled to a high extend in hardware design. This
special form of antagonistic actuation is very advantageous
for configurations with pronounced agonist actuation.

The compliance consists of two progressive elastic ele-
ments opposing each other with a variable offset that supports
the link with variable range of elastic motion, c.f. Fig. 5. The
ordinary fixed Circular Spline of the Harmonic Drive gear
for link positioning is held in a bearing and has a cam bar
attached to it. Two pairs of rocker arms with cam rollers,
each pair linked by a linear spring, act on different faces of
this cam bar. External loads result in rotational displacement
of the entire gear and force the rocker arms of the supporting
direction to spread against the linear spring. This causes a
progressive centering torque. The agonist rocker arms are
fixed w.r.t. the housing. The opposing antagonist part is po-
sitioned with at a rotational offset w.r.t. the stiffness actuator.
This makes it possible to change stiffness independently from
link speed in ≈ 120 ms for full stiffness range. In the QA-
Joint the link position can be changed without moving the
elasticity mechanism. This significantly reduces the inertia
of the moving part of the joint.

The use of a cam-roller mechanism offers another advan-
tage: The shape of the cam faces can be adapted to provide
any desired torque characteristic that fits the maximum
potential energy storable in the linear spring. Thus, the design
is well suited to realize different torque/displacement charac-
teristics with little overhead. In Table III the characteristics
of the realized prototype are listed.
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(a) (b)

Figure 8: Conceptual diagram of the QA-Joint (a) and working principle of its Variable Stiffness Mechanism (b)
[38].

Fig. 4. The antagonistically actuated single DOF robotic joint with
quadratic series-elastic actuation.

digital I/O bits, and 0.5MB of ZBT-SSRAM. The FPGA
was programmed using the System Generator toolbox for
MATLAB (The Mathworks, Inc., Natick, MA).

The role of the controller can be reduced to receiving
the three input signals (θeq, S, and Tload), performing the
algebraic calculations in (7), and producing pulse-width
modulated output signals specifying α and β. Because the
development kit only has two ADCs, Tload was specified
as a constant parameter for each experiment, while θeq and
S were specified as analog input signals. To simplify the
calculations required of the FPGA, (7) was rearranged and
constant parameters were grouped to create three constants,
ε1, ε2, and ε3:

α, β = ±

ε1︷ ︸︸ ︷(
RJ

RS

) (
θeq +

Tload

S

)
+

(
1

4aRSR2
J

)

︸ ︷︷ ︸
ε2

S −
(

b

2aRS

)

︸ ︷︷ ︸
ε3

. (16)

D. Testing Setup

To perform automated testing on the completed system,
we used a dSpace controller board (dSpace, Inc., Novi,
MI) to provide trajectories for θeq and S while recording
the actual joint angle in real time. A wiring schematic of
the system, including the dSpace controller board and a
passive interface circuit board, is shown in Fig. 5.

In the next section, we use the following testing variables
extensively:

• θc represents the commanded (desired) value of θeq

• θm represents the measured value of θeq

• Sc represents the commanded (desired) joint stiffness

dSpace
Computer 
Interface 

Board

Interface
Circuit

FPGA

Agonist
Servo

Antagonist
Servo

Joint Angle
Encoder

α

θm

α, βθ  , S
β

θm

C

Fig. 5. The electrical connectivity used for testing the robotic joint,
including the FPGA and the dSpace automated testing board.
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Fig. 6. The accuracy with which the joint was actuated over a range
of stiffness values. As stiffness increased, the variability of the actuation
decreased substantially.

• Sm represents the measured joint stiffness

IV. SYSTEM ANALYSIS

A. Accuracy of Joint Actuation

The accuracy of joint actuation was analyzed by setting
θc = 0o and recording θm when Sc was set to a series of
values between 0.010 mNm/deg and 0.700 mNm/deg. Ten
trials were performed for each stiffness value and the joint
was randomly perturbed between each trial to allow it to
naturally settle on its final value. The results of this exper-
iment are shown in Fig. 6. The standard deviation of θm

was 2.37o for low stiffness values (Sc < 0.176 mNm/deg)
and was reduced to 1.20o for higher values.

When stiffness is low, the variability occurs because the
antagonistic forces used to drive the joint to θc are low
enough that frictional forces and bumps on the springs’
contours (created during machining) can significantly hin-
der the joint from reaching θc. When stiffness increases, the
driving forces are able to overcome frictional forces, which
reduces trial-to-trial variability. The joint can, however, still
consistently miss θc by a few degrees because the contour
bumps create local energy minima that consistently attract
the rollers to certain positions. A more refined manufac-
turing process should significantly reduce the presence and
effect of these bumps.

B. Independence of Joint Angle and Stiffness

To verify that joint angle could be actuated indepen-
dent of stiffness, θm was recorded for several values of
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B. Stiffness regulation ofjoint controlled by two ANLESes
Non-linear elastic characteristics of an ANLES should be

designed such that a rotary joint have stiffness that is able to be
regulated by the torsion angles of two ANLESes as linearly as
possible. The design of the radius function r(x) of the guide-
shaft depends on the configuration of the joint. Here it shows
one result of the design of the ANLES that is constructed as
actuators for driving the joint as shown in Fig.6. Detail of
designing the guide shaft of the ANLES is described in
Ref.[17]. This joint is a shoulder part of the anthropomorphic
robot that has 7 DOF arm, each joint of which will be
controlled by two ANLESes.
The torque of the joint exerted by two ANLESes is denoted by

T. = k1Tg1(^ 0(0f)) - k2Tg2( 0(69)) (7)
where, T71 and T72 are torques generated by individual

ANLESes, which are the function of the torsion angles. k1 and

k2 are the coefficients of transmitting torques to the joint. In
the case of the joint shown in Fig.6, they are equal and
constants. q is the torsion angle of ANLESes that are initially
twisted, that may be called initial torsion angle. qf(O) denotes
the torsion angle of ANLES, which is caused by the rotation of
the joint (joint angle is denoted by 0). The stiffness of the joint
is then calculated by the following equation,

aT.(8
s(i) J (8)

As found in the definition of the stiffness in Eq.(8), it is
determined by the initial torsion angle of ANLESes.
Theoretical relationship between torsion angle of the ANLES
and torque (Eq.6) is shown in Fig.7 (a). The non-linear
characteristics shown in Fig.7(a) is designed such that the
stiffness of the joint shown in Fig.6 is regulated by the initial
torsion angle of two ANLESes as linearly as possible as shown
in Fig.7 (b).

C. Elastic characteristics ofthe assembledANLES
The relationship between torsion angle and torque of the
assembled ANLES shown in Fig.4 is measured. The result is
shown in Fig.8 accompanied by the theoretical curve that is
identical to Fig.7(a). In Fig.8 the error bar shows the range of
five data in each loaded torque. As shown the distribution of
data is fairly small and the experimental results sufficiently
correspond to the theoretical one. For further details of the
experiment, please address the paper[17].

D. Experiment for stiffness regulation of the joint
controlled by two ANLESes
As shown in Fig.6, the rotary joint controlled by two ANLESes
is constructed. Torques generated by two ANLESes is
transmitted to the joint via the bevel gears and the spur gears. In
order to prevent plastic deformation of torsion springs against
of accidentally loading some torque by motors in the direction
of spring being expanded, one-way clutches are equipped
between bevel gears and their axes. The motor rotary angle and
the joint angle are measured by optical rotary encoders. The
motors (36W with 14:1 reduction gear) are controlled by PWM
power driver with PID software servo. Fig.9 demonstrates the
experiment of stiffness change.

Fig.6 Assembled joint controlled by two ANLES
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Fig.8 Experimental results of elastic characteristics of ANLES

After the torsion springs of both ANLESes are twisted about
the same angle, the arm is rotated by pushing the edge via
sponge.
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loop has broken, but the intention of trying to move
(voluntary motor control) is not inhibited. So, it has been
suggested that cerebellums participate in the motion
skill. If the theory of cerebellar perceptron is true, the
motion should be converted to any patterns as the input
or the output to the central nervous system. The proposed
joint mechanism is able to control the position and the
compliance of the joint by changing the motor output
(this equals the tension of a muscle) . So, controlling the

joint position, it is able to control the joint directions.
Therefore, the joint mechanism is possible to control the
motion by the static inputs and not the dynamic inputs.
This means that the position, the compliance, the
direction and the outputs of the joint are regarded as the
static patterns. We suggest that the mechanism changing
the movement elements to the static patterns such as the
proposed mechanism by us is able to connect the biogenic
motion control to neural system models.
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(a) The input (cam) angle èo (b) The joint angle èo

Fig. 8. Gear ratio of designed cam (the case of cam ).1

Fig. 9. Cam curves of theoretical and actual value. Fig. 10. Antagonized wire-driven mechanism using KTM
(1 DOF).

(a) The joint angles èo

(b) The currents of the motors
of the joint (M and M are the
motors of left and right side)

1 2

Fig. 11. Experimental results of angle and stiffness control of the joint (The cases of low and high stiffness).

(a) (b) (c)

observe the effects of the interaction of these fields
by carefully observing the torque output of a mo-
tor under load. Even with constant input current
(meaning constant torque) a “torque ripple” that
results from these “virtual teeth” approaching and
separating from each other.

In almost all circumstances motors are chosen
to have excess torque capabilities so that this slip-
ping does not occur. In this case the dominant
features of the motor dynamicss result from losses
and inductance in the windings (typically a high fre-
quency effect) and from the inertia of the rotating
elements. However, in cases like prosthesis design
where weight is a significant issue motors are of-
ten pushed to their limits and torques in excess of
the maximum torque that can be sustained by the
windings are encountered. The resulting “slipping”
commonly results in a load squealing sound.

Using Feedback to Modify the Dynamics -
Limitations and Energetic Cost When it is
necessary to modify the mechanical characteristics
of a robot to improve its ability to interact with
challenging environments the standard approach is
to use position and/or force sensors to drive a feed-
back loop. In this way, a strong motor may appear
to behave like a soft spring by, for example, mea-
suring the position of the limb and responding with
a force that is proportional to the deflection of the
limb from a desired equilibrium position (a classical
proportional controller). This approach is of course
limited by the performance limitations of the motor
but within these limitations the system character-
istics can be altered without changing the physical
design by modifying the controller constants. It is
also achieved at the cost of increased complexity as
sensors and control electronics must now be added
to the device.

Another result of using feedback to modify the
dynamic characteristics of a device is that there
may be substantial energetic costs. For example, a
real physical spring stores energy when is deflected,
maintains a force on the disturbing agent without
energetic cost and returns the original energy when
the deflection is reduced. However, a robot that is
controlled to appear to the environment as a spring
requires energy to respond appropriately when it
is deflected, requires a constant flow of energy to
maintain a deflection, and requires further addi-
tional energy in order to return to its equilibrium
position. These are real reasons to investigate what

may be achieved by the use of physical springs to
generate stiffness.

Gear Train Mechanics In order to gain this en-
ergy benefit using the physical springs shown in Fig-
ure 2 the motors must be able to lock their position
to avoid expending the constant flow of energy re-
quired to maintain the desired force on the motor
end of the spring. This may be achieved by the
use of a clutch but in this case we have investigated
the use of locking or nonbackdrivable gear sets to
achieve this function. The classic nonbackdrivable
gear set is the worm gear – worm wheel combina-
tion. However, no matter how this nonbackdrivable
characteristic is achieved it is a result of the geom-
etry of gear tooth contact and the level of friction.
Therefore, in order to achieve the benefit of a steady
state stiffness with zero energy cost the mechanism
will have increased friction when it is in motion. A
figure of merit has been developed that represents
the ratio of time spent in static support of a load
with low stiffness (with the transmission locked and
the actuators turned off) to the time spent in mo-
tion [3]. The results show that if the time spent with
the transmission locked is 1.93 times the time that
the arm spends moving then there is an energetic
benefit to this approach. Anecdotal evidence sug-
gests that amputees spend a considerable amount
of time using their prosthetic limbs as a station-
ary support and therefor this application may meet
this criteria. However, as prosthetic limbs advance
in dexterity this may change.

Motor 1

Motor 2

Non-backdrivable
Transmissions

Nonlinear Springs

Figure 2: Basic Design Layout. A single motor
with a feedback loop is replaced by two motors each
placed in series with a stiffness element (spring).
In some applications, a further advantage may be
gained by using nonbackdrivable gear reductions on
the motors so that power to the motors can be el-
liminated when the springs are all that is required
to satisfy the performance requirements of the joint.
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Fig. 1. Left: Geometry, dynamics and hardware implementation of the 1-link variable stiffness actuators used in the numerical simulations and experiments.
Right: Equilibrium position and stiffness as a function of commands u (evaluated at q = 0, q̇ = 0).

convenience, we can write the stiffness in vector form as
k(x,u) = vec(K(x,u)) ∈ Rn2

.
Note that in general (5) and (6) are non-linear functions

of the state and commands. Note also that, depending on
the system, the dimensionality of k(x,u) may vary. For
example, the stiffness of each joint may be coupled so that
K is symmetric, or, alternatively, the stiffness of individual
joints may be independent (e.g., as would be the case in a
chain of MACCEPA actuators). In the latter case, K reduces
to a diagonal matrix and we can omit the off-diagonal
elements, resulting in k ∈ Rn.

B. Resolved Equilibrium and Stiffness Tracking Control

Having derived (5) and (6) for estimating the equilibrium
position and stiffness, we are now in a position to design
constraint-based controllers. We note that, in general, for
VSAs with an actuation relationship of the form (2), we
cannot find a linear, orthogonal decomposition in the direct
control space since the multiplication of stiffness with equi-
librium position introduces a quadratic dependence on u. For
this reason, we must instead move to the command velocity
space for control.

In particular, we can take the time derivative of (5) and
(6) to find the linearised forward impedance dynamics

q̇0 = Jq0(x,u)u̇ + Pq0(x,u)ẋ, (7)

k̇ = Jk (x,u)u̇ + Pk (x,u)ẋ, (8)

where q̇0, k̇ are the change in equilibrium position and
stiffness with respect to time, u̇ ∈ Rn is the rate of change
of motor commands, Jq0 ∈ Rn×m and Jk ∈ Rn2×m are
the Jacobian of the equilibrium position and the stiffness

with respect to motor commands, while Pq0 ∈ Rn×p and

Pk ∈ Rn2×p are the corresponding Jacobians with respect
to the state.

To simultaneously control equilibrium position and stiff-
ness, we can invert this relationship to yield1

u̇ = J†ṙ + (I− J†J)u0 (9)

where ṙ = ((q̇0 − Pq0 ẋ)T , (k̇ − Pkẋ)T )T ∈ Rn+n2
,

J = (Jq0 ,Jk)T is the combined Jacobian, I is the identity
matrix, J† denotes the Moore-Penrose pseudoinverse of J
and u0 is an arbitrary vector. The latter can be used to resolve
any further redundancy in the actuation (such as additional
actuators used for varying damping [8]).

Application of (9) requires state derivatives, provided by
feedback, or calculated from the analytical model of the
system dynamics. To avoid the requirement on analytical
modelling, and also to circumvent the noise and phase-
lag issues related with the feedback on ẋ, we use on-line
feedback from the current stiffness and equilibrium state,
i.e., we choose ṙ according to the difference in the desired
and actual equilibrium and stiffness values ṙ = ((q̇∗0 −
q̇0)T , (k̇∗ − k̇)T )T . This solution is similar to Closed-Loop
Inverse Kinematic (CLIK) control [3], and also mitigates
instabilities due to constraint drift [2]. For this, since we
cannot directly measure the stiffness and equilibrium position
on-line, we use (5) and (6) to estimate the current values
based on the current estimate of the state.

1We omit the dependence on x and u for readability.
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(d) (e)

Figure 9: Representative examples of simple agonistic/antagonistic actuation. Prototype of Migliore et al. [45] (a);
prototype of the ANLES (Actuator with Non-Linear Elastic System) [46] (b); drawing of the system using KTM
(Kinematic Transmission Mechanism) presented in [47] (c); schematic drawing of the system proposed in [48] (d);
prototype describe in [49] (e).



the pivots, and 2 identical actuators attached to the four-
bar linkage systems. As the pivots slide along the spring,
the effective length of the springs changed, which cause the
stiffness by the springs varied. When the two actuators rotate
at the same speed, the four-bar linkage systems rotate around
the axis with the pivots. Since the axis is connected to the
pivots via the leaf spring, rotation of the pivots cause the
axis to rotate. When the actuators rotate at the same speed
in the opposite direction, the distance to the pivots from the
axis changed without rotation of the pivots. Then, since the
effective length of the springs changed, the stiffness of the
VSJ varies. In Section III, the result of the experiment is
presented. To show the effect of the variable stiffness of the
VSJ, an experiment of hitting balls are presented. When the
stiffness is maximum, balls that hit by the link of the VSJ
fly farther than minimum stiffness. The experiment shows
that the acceleration of the balls after collision with the link
is smaller when the stiffness is small, which implies the
collision is safer. The conclusion is made in Section IV.

II. DESIGN OF THE VARIABLE STIFFNESS JOINT

The design of the variable stiffness joint(VSJ) is presented
in this section. The main concept of the VSJ is to use
parallel actuation for more efficient usage of the actuators
and introduce passive compliance which is variable for safer
manipulation with minimum performance degradation. The
stiffness is generated by leaf springs. Changing the effective
length of the springs results in stiffness change. In order to
move the pivots along the spring, four-bar linkage system
is used, see Fig. 1. Note that the VSJ has a symmetric

Linkage a

Pivot Linkage b

Axis

Spring

Fig. 1. Design of the VSJ. The linkage a is attached to the actuators and
rotates about the axis. The pivot is connected to the linkage b, whose the
other end is connected with linkage a. The springs are attached to the axis
so that the axis rotates when the pivots rotate.

structure and both actuators are used to control the position
and stiffness. Due to the symmetric structure, the power
to move payload or change stiffness is shared between
both actuators, which implies more efficient usage of the
actuators. Furthermore, since it is not necessary to use an

additional mechanism to change stiffness (i.e. lead screw),
faster response to a stiffness command is possible.

A. Generating stiffness with leaf spring

Stiffness of the VSJ is generated by 4 identical leaf
springs, which are attached to the axis. The springs are
separated by 90 degrees. One end of each spring is attached
to the axis and the other end remain free so that the spring
bends with an external force applied to the spring. Two
rollers, which are contained in a frame called “pivot”, roll
on the spring. Due to the rollers, the pivot slides along
the spring, see Fig. 2. However, the position of the pivots
are controlled by the actuators via four-bar linkage systems,
which will be explained later sections. Since the pivots are

Roller

Pivot

Axis

Spring

Fig. 2. 4 identical springs are attached to the axis. The pivots move along
with the springs with the rollers inside of the pivots.

constrained in the axial direction, the leaf springs bend when
an external torque τ is applied at the axis. Fig. 3 shows the
assembled VSJ. Due to the applied torque at the axis, the
pivot is under the torque which makes the pivot to rotate
without the guide. Since the leaf springs are identical, the
stiffness is calculated using one spring, see Fig. 4. Let D be
the diameter of the axis and let l be the distance to the pivot
from the axis. Since there are 4 identical leaf springs, the
force at each pivot due to the external torque dτ is calculated
as follows.

dF =
dτ

4(l + D/2).
(1)

The applied force makes each spring bend. The displacement
of each spring due to the force depends on the dimension as
well as the material of the spring. Let L0 be the length of
the spring. Let w be the width of the spring and let t denote
the thickness of the spring. Then, following the development
in [13], the displacement of the pivot is given as follows.

δ =
4l3dF

Ewt3
, (2)

where E is the Young’s modulus. The angular displacement
of the axis is calculated as

dθ =
δ

(l + D/2)
. (3)
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bar linkage systems. As the pivots slide along the spring,
the effective length of the springs changed, which cause the
stiffness by the springs varied. When the two actuators rotate
at the same speed, the four-bar linkage systems rotate around
the axis with the pivots. Since the axis is connected to the
pivots via the leaf spring, rotation of the pivots cause the
axis to rotate. When the actuators rotate at the same speed
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VSJ varies. In Section III, the result of the experiment is
presented. To show the effect of the variable stiffness of the
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collision is safer. The conclusion is made in Section IV.
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The design of the variable stiffness joint(VSJ) is presented
in this section. The main concept of the VSJ is to use
parallel actuation for more efficient usage of the actuators
and introduce passive compliance which is variable for safer
manipulation with minimum performance degradation. The
stiffness is generated by leaf springs. Changing the effective
length of the springs results in stiffness change. In order to
move the pivots along the spring, four-bar linkage system
is used, see Fig. 1. Note that the VSJ has a symmetric
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Fig. 1. Design of the VSJ. The linkage a is attached to the actuators and
rotates about the axis. The pivot is connected to the linkage b, whose the
other end is connected with linkage a. The springs are attached to the axis
so that the axis rotates when the pivots rotate.

structure and both actuators are used to control the position
and stiffness. Due to the symmetric structure, the power
to move payload or change stiffness is shared between
both actuators, which implies more efficient usage of the
actuators. Furthermore, since it is not necessary to use an

additional mechanism to change stiffness (i.e. lead screw),
faster response to a stiffness command is possible.

A. Generating stiffness with leaf spring

Stiffness of the VSJ is generated by 4 identical leaf
springs, which are attached to the axis. The springs are
separated by 90 degrees. One end of each spring is attached
to the axis and the other end remain free so that the spring
bends with an external force applied to the spring. Two
rollers, which are contained in a frame called “pivot”, roll
on the spring. Due to the rollers, the pivot slides along
the spring, see Fig. 2. However, the position of the pivots
are controlled by the actuators via four-bar linkage systems,
which will be explained later sections. Since the pivots are
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with the springs with the rollers inside of the pivots.

constrained in the axial direction, the leaf springs bend when
an external torque τ is applied at the axis. Fig. 3 shows the
assembled VSJ. Due to the applied torque at the axis, the
pivot is under the torque which makes the pivot to rotate
without the guide. Since the leaf springs are identical, the
stiffness is calculated using one spring, see Fig. 4. Let D be
the diameter of the axis and let l be the distance to the pivot
from the axis. Since there are 4 identical leaf springs, the
force at each pivot due to the external torque dτ is calculated
as follows.

dF =
dτ

4(l + D/2).
(1)

The applied force makes each spring bend. The displacement
of each spring due to the force depends on the dimension as
well as the material of the spring. Let L0 be the length of
the spring. Let w be the width of the spring and let t denote
the thickness of the spring. Then, following the development
in [13], the displacement of the pivot is given as follows.

δ =
4l3dF

Ewt3
, (2)

where E is the Young’s modulus. The angular displacement
of the axis is calculated as

dθ =
δ

(l + D/2)
. (3)
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Figure 10: VSJ compliant mechanism [50]. Four leaf springs are attached to a central axis; four pivots sliding along
the springs cause a change in stiffness. Four 4-bar linkage systems transmit the motors rotation to the pivots.

Km = 4 N/m, and connects nonlinearly the main shaft qm

to the antagonistic pair of actuators pulleys q1, q2 rigidly
connected to position-controlled backdrivable DC motors.
Concordant angular variations δq1 = δq2 generate only
displacements δqm at the main shaft, while the opposite
δq1 = −δq2 generate stiffness variations δσ. Springs
of elastic constant Km on idle pulleys guarantee correct
tensioning of the belt. The primary difference between

Fig. 1. Perspective view of the Variable Stiffness Actuator. The
transmission belt 1 connects the DC Motors pulleys 2-3 to the joint shaft
4, and it is tensioned by passive elastic elements 5-6-7.

Fig. 2. Appearance of the prototype of Variable Stiffness Actuator.

the proposed transmission system, and other devices with
variable mechanical stiffness (see e.g. [12], [13], [7]), is
that this is amenable to more compact implementation, and
stiffness can be varied very rapidly and continuously during
task executions.

To calculate the mechanical stiffness σ of the VSA,
we compute the mechanical torque τ generated by the
springs of elastic constant K to the joint shaft, and its
derivative σ = − ∂τ

∂qm
with respect to a joint shaft angular

displacement qm. For simplicity, we focus our attention on
one of the three sides of the torque transmission system (see
fig. 3), calculating the overall torque acting to the joint shaft
as the sum of two (i.e. left/right) components. After some
calculations, the torque acting on the joint qb generated by

Fig. 3. Particular of the proposed nonlinear torque transmission system.
In this case, stiffness σb,a of the belt that connects the two pulleys b, a
varies during motions with the active length hb,a of the spring Ks. in
such way high/low compressions of the spring generate high/low stiffness.

the spring Ks results

φb,a = Fb,a cosαR = 2KsR
h̄b,a − hb,a

hb,a
Lb,a,

where Lb,a = L̂b,a + R(qb − qa) is the length of the belt
between the two pulleys (L̂b,a ≥ D is the length of the belt

at the equilibrium), hb,a =
√

L2
b,a
−D2

2 is the active length
of the spring (h̄b,a ≥ hb,a represents the spring’s length
at rest). For simplicity, in these calculations we assumed
it holds r ≈ 0 for the radius of the idle pulley, and that
hb,a ≈ ls, with ls is the total length of the spring.

The torque τ acting on the joint shaft of the VSA can
be easily computed as

τ = φm,1 − φ2,m =
2KR

(
h̄m,1−hm,1

hm,1
Lm,1 − h̄2,m−h2,m

h2,m
L2,m

)
,

(1)

and the related joint shaft stiffness is

σ = 2KR
(

h̄m,1−hm,1
hm,1

+ h̄2,m−h2,m

h2,m

)
−

2KR
(

h̄m,1Lm,1

4h3
m,1

+ h̄2,mL2,m

4h3
2,m

)
.

(2)

In fig. 4 are reported values for the VSA’s joint stiffness
obtained by simulations of (2). As it is highlighted, σ is a
monotonically increasing function of the relative displace-
ment qd = q1−q2

2 , and it can be shown that angular values
q1 = −q2 = π

2 imply for this model σ = +∞.
As we will argument in detail in the following, its

capability to independently vary its main shaft positions
and stiffness highlights the VSA can be usefully adopted
to actuate mechanisms for which the characteristic to guar-
antee safety is of paramount importance during motions
[5].

III. DYNAMICS AND CONTROL OF VSA SYSTEMS

In this section we discuss the dynamics and control
of a 1-DOF experimental setup constituted by a planar
link actuated by the VSA. The proposed control allows
to independently vary the position and the stiffness of the
joint shaft in a manner that comply to what reported in [1].
Stiffness references will be generated adopting an on–line
sub–optimal control algorithm discussed in section III-B.
Experimental results are reported in section IV highlighting
the effectiveness of the proposed control approach.
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Fig. 4. Values for stiffness σ at the joint shaft of VSA in a steady–state
configuration with angular positions qm = 0, and with increasing values
for displacements qd = q1−q2

2
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A. Dynamics of the VSA

The appearance of an experimental setup, constituted by
a rigid link actuated by the VSA, is reported in fig. 5.

Fig. 5. Appearance of the planar 1-DOF experimental setup realized in
our lab.

The dynamics of the system result




IRq̈1 + βq̇1 = φ1,2 − φm,1 + τ1

IRq̈2 + βq̇2 = φ2,m − φ1,2 + τ2

ILq̈m + βq̇m + mgL sin qm = φm,1 − φ2,m − τm

(3)

where IR and IL are, respectively, the DC motors and link
rotary inertias, β is the (small) axial friction coefficient, m
and L are the mass and the length of the link, q1, q2, qm

are the rotors and link angular positions, φ1,2, φ2,m, φm,1

are the torques generated on the pulleys by the three springs
(see section II), τm collects external disturbances acting on
the link, and τ1,2 are the control torques acting on the two
motors.

The pursued control task is to control the transmission
stiffness σ and the joint shaft position qm by controlling
independently the displacements qs = q1+q2

2 and qd =
q1−q2

2 . This is suggested by the fact that, in a steady-state
configuration, and in presence of negligible gravitational
loads (e.g. in case of planar, or lightweight robots, such
as those proposed in [3], [14]), for the link angular dis-
placement and transmission stiffness it holds qm = qs, and

σ = σ(qd) (see also fig. 6, where transmission stiffness
increases from green to red).

Fig. 6. How stiffness σ varies in practice. Differential displacements
qd = q1−q2

2
do not affect the position qm of the joint shaft, but only

the stiffness characteristic of the transmission.

State variables (qs, qd, q̇s, q̇d) appear on (3) by simply
adding and subtracting its first and second equations





IRq̈s + βq̇s = Φs + τs

IRq̈d + βq̇d = Φd + τd

ILq̈m + βq̇m + mgL sin qm = τ − τm

(4)

where, in particular, Φs = φ2,m−φm,1
2 , Φd = (φ1,2 −

φ2,m+φm,1
2 ), τs = τ1+τ2

2 , and τd = τ1−τ2
2 are the respective

control torques. Note that torques Φs, Φd, and τ = φm,1−
φ2,m in (1) are now dependent on variables qm, qs, qd.

An extension of this model to a more general n-DOF
structure can be found by supposing the overall system
“decoupled” [15], i.e. with Lagrangian function

L =
1
2
q̇T Bo(qm)q̇ − Ug(qm)− UK(qs, qd, qm),

where q̇ = (q̇m, q̇1, q̇2)T , Bo(qm) = diag[B(qm), IR, IR]
is a block–diagonal inertia matrix which collects the inertia
matrix B(qm) of the rigid n-DOF structure, and the DC
motors rotary inertias IR of the VSA, U(qm) is the
potential energy of the rigid structure (we supposed to
adopt lightweight VSAs, i.e. with negligible gravitational
loads), and

UK(qs, qd, qm) = 1
2Km(h̄1,2 − h1,2)2

+ 1
2K

[
(h̄m,1 − hm,1)2 + (h̄2,m − h2,m)2

]
,

is the potential energy stored on the elastic elements of
the transmission. Adopting the Lagrange equation, it holds
after some calculations




IRq̈s + βq̇s = Φs + τs

IRq̈d + βq̇d = Φd + τd

B(qm)q̈m + h(qm, q̇m) = τ − JT (qm)τm

(5)

where, in particular, h(qm, q̇m) collects Coriolis and grav-
itational torques acting on the rigid structure, J(qm) is the
Jacobian of the structure, and functions Φs, Φd, τ , and τm
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Figure 11: Drawing of the VSA (a) (the motors are connected to pulleys 2 and 3) and detail of the transmission
belt and pulleys (b) (the red configuration is stiffer than the green one) [52].
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Fig. 6. VSA-I stiffness for joint shaft position ql = 0 varying qS and qD

in the admissible range. qS and qD have similar definitions.

while in VSA-I, increasing external torque will induce higher
maximum stiffness, in VSA-II any increment in τload makes
the maximum stiffness decrease. In case of impact, the
transmission is desired to be as compliant as possible to be
safe. While the reaction torque on the link can increase the
maximum stiffness of VSA-I, in contrary it always decreases
the maximum stiffness of VSA-II. In VSA-II the maximum
stiffness is limited by motor’s stall torque while in VSA-I it
depends also on the applied load.
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Fig. 7. Stiffness - torque relationship for VSA-I (top) and VSA-II (bottom).
The plots show the stiffness seen from the link as a function of the differ-
ential torque τD , for increasing values of external disturbance torque on the
link τload. Curves are obtained with limited torque τMAX = 4.356 for the
motors, and external load torque τD = {0, 0.66, 1.33, 2, 2.66, 3.33, 4}.

Important parameters to appraise performances of VSA
actuators are the midpoint of the stiffness range σm and
the relative amplitude ∆σ = (σMAX − σMIN )/2σm. Fig.
8 shows that ∆σ has larger values on the VSA-II giving rise
to better performance as explained in [7].
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Fig. 8. Trends of σm and ∆σ , for VSA-I and II obtained from data in
Fig.7.

V. EXPERIMENTS

A. Setup

Experimental results on VSA-II prototype are reported
here. The prototype is designed and developed based on the
principles delineated in the previous sections. The prototype
has two elastic elements for each side consisting of four 4-bar
mechanisms. This leads to symmetric loading on bearings,
structure and springs. The two sides of the device are rotated
of 90 deg to achieve a more compact design.
The overall length and radius of the prototype are 85mm

and 60mm respectively. It is fabricated using aluminium for
the main structure, steel and bronze for the spindles and
bushes, and spring steel for the springs. The total weight
of the prototype is 0.345Kg. Each spring has a nominal
torsional stiffness of k = 0.5 Nm/rad, and the ratio R/L is
14/8. The prototype is shown in Fig. 9. Te device is actuated

Fig. 9. VSA-II prototype, open up. The prototype integrates the non-linear
elements needed to obtain the variable stiffness. It is composed of two equal
halves, each half contains two 4-bar mechanism to allow internal stress to
be distributed more evenly along the structure.

by two motors (Faulhaber 3257G024CR-32/3), with stall
torque 14.7Nm, maximum speed of 44rpm at the gearhead
output, where the ratio is 134 : 1. The link is an aluminium
bar of length 170mm and mass 0.135Kg.
The sensors used are three optical incremental encoders

(HP HEDS-5500) with resolution 500cpr, two of them are

!"#$
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Fig. 1. VSA-II schematic. q1 and q2 are angle of the motors, ql id the
joint shaft displacement.

II. DESIGN OF VSA-II
The new prototype of Variable Stiffness Actuator, VSA-II,

is conceived to improve over the previous prototype to have
an increased torque capacity in a more compact assembly, in
order to use it as a joint actuator for a robotic arm.
In VSA-I (see [9]) a timing belt was used which had a

limited load capacity, and a short life cycle. The VSA-II
transmission system is based on 4-bar mechanisms which
show more robustness and larger load bearing capacity.
The aim of the transmission system is to get a non linear

torque-displacement characteristic between the input torque
applied by the motors and the angular deflection of the joint
shaft. The well known 4-bar mechanism can be suitably
designed to have desired transmission ratio between input
and output. Employing a simple linear spring on the input,
the relationship between deflection and torque on the output
shaft can be made non-linear.

A. 4-bar spring mechanism

Fig. 2. Line diagram of 4-bar transmission mechanism of VSA II. Link
OA of length R is driven by a motor at O. The torque spring k has a linear
behaviour. Stiffness seen at O attains non-linearity through the geometry,
where angle θ at O and transmission angle β are related non-linearly.

The designed 4-bar mechanism (see Fig.2) is a special
case of Grashof 4-bar linkage, or, so called Grashof neutral
linkage, having two equal shortest links (AB and BC) and
two equal longest links (OA and OC). Basically, it is a
crank-rocker mechanism with BC as input link and OC as
ground, or, a double-rocker mechanism, seen from link OA
(the coupler AB can have full rotation, see [12], [13] ).

Link OA is connected to a motor at O and has angular
movement θ with respect to ground link OC. Link BC
is loaded by a linear torque spring at C, where β is the
transmission angle at A. By designing the link lengths
suitably, it is possible to have desired non-linear relationship
between input and output link angles. It is to be noted that the
non-linearity lies only in the geometry and the mechanism
behaves as a non-linear elastic transmission element to the
purpose of our application. The torsional spring k is set
to be at zero equilibrium with θ = β = 0. The output
angle range is θ ∈ [−θMAX ; θMAX ]. To ensure not to cross
the singularity configuration at θ = 0, a mechanical stop
is employed, reducing the range to θ ∈ (0; θMAX ]. From
geometry, θMAX = 2arcsin(L/R).
As shown in the Fig.2 and using properties of triangle we

can write

β = arcsin
(

R

L
sin

(
θ

2

))
− θ

2
. (1)

The potential energy stored in the spring is P = 1/2kβ2,
and the torque at the motor end O due to deflection β on
torque spring is only a function of geometry and is expressed
as

M(θ) =
∂P

∂θ
=

1
2
kβ




R
L cos θ

2√
1−

(
R
L sin θ

2

)2
− 1


 . (2)

Similarly, the stiffness seen at O on link OA can be
derived to be

σ(θ) = ∂2P
∂θ2 = 1

4k




(
R
L cos θ

2q
1−(R

L sin θ
2 )

2 − 1

)2

+

+
R
L (R

L
2−1)β sin θ

2h
1−(R

L sin θ
2 )

2
i 3

2

]
.

(3)

The ratio R
L and the spring constant k are the two design

parameters. These parameters are to be judiciously decided
depending on desired torque capacity and deflection range.
As shown in Fig.3 the deflection range increases with smaller
R
L ratio.

Angular displacement (rad)

To
rq

ue
 (N

m
)

Growing values of
R/L

Growing
values

of k

Fig. 3. Theoretical torque deflection characteristics can be obtained with
various values of R/L and k for θ ≥ 0 (curves are symmetric with respect
to the origin). The effect of k is to scale the overall function. Graphs are
plotted for k = 20, 40, 80, 160, 320 Nm/rad.
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(a) (b)

Figure 12: Open VSA-II prototype (a) and schematic representation of a 4-bar elastic mechanism (b) [51].



joints the system becomes unstable. A possible strategy to
avoid this intrinsic instability is to use stiffening springs.
When the torque-angle curve of a human ankle is studied
then this behaves as a stiffening spring (segment 2-3 in Fig.
7) [16].

To be able to modify the torque-angle curve the MAC-
CEPA is improved and the new version is called MACCEPA
2.0. A schematic drawing is provided in Fig. 4. The lever arm
is replaced by a profile disk. When the position of the profile
disk is changed by a servomotor or the joint is moved out
of its equilibrium position, then the wire, held under tension
by the spring, will be guided over the profile and causes the
extension of the spring. Due to the force by the elongation of
the spring, a torque will be generated. The torque depends
on the shape of the profile. In the following example the
profile consists of two disks with a constant radius. The idea
of using a profile to shape the torque-angle curve was used
by Wolf et al. [8] for the Variable Stiffness Joint (VS-Joint).
This setup uses linear compression springs and cam rollers
roll over the profile, while the MACCEPA 2.0 uses linear
extension springs and a wire is guided over the profile.

Fig. 4. Working principle of the novel MACCEPA 2.0. Top: Out of
equilibrium position (generating torque) Middle: At equilibrium position
(not generating torque) Bottom: Changed pretension.

The extension of the spring is determined by four lengths:
The length B (similar as in the former design), the length D
(the length where the wire is on the profile), the length E (the
length of the wire between the profile d and the fixed point
b) and the pretension P . The extension of the spring, similar
to MACCEPA 1.0, is due to the variation of α (the angle
between the profile disk and right body), and the setting of
the pretension P . The profile disk is in the following example
formed by a circle with radius R. The fixed point b is at a
distance C from the rotation point a.

The calculation of the torques are straightforward geomet-
rical calculations. A scheme with the necessary distances is
provided in Fig. 5. I and H are the vertical and horizontal

part of the length A (the distance between the points o and
b).

I = (Ccos(α)−B)

H = (R− Csin(α))

A =
p

I2 + H2

E =
p

A2 −R2

(2)

With those lengths the following angles can be calculated.
γ is the angle between ob and the vertical, θ is the angle
between od and ob, λ between oc and od and κ between bd
and ba.

γ = atan(H/I)

θ = atan(E/R)

λ =
π

2
− γ − θ

κ =
π

2
− γ − θ − α

(3)

J is the length of moment arm of the force F .

D = Rλ

J = Csin(κ)
(4)

With this information it is possible to calculate the force F
and the torque T . The stiffness K is numerically calculated
by taking the derivative of the the torque T with respect to
the angle α.

F = k(−C + B + D + E + P )

T = FJ
(5)

Fig. 5. Scheme of necessary distances and angles to calculate torque and
stiffness.

The torque-angle and stiffness-angle curves are plotted in
Fig. 2 and 3 with similar parameters as the former design k =
2520N/m, B = 0.01m, R = 0.015m and C = 0.04m (see
Fig. 6 for physical realization). By changing the pretension
different stiffnesses can be selected. The overall trend is
that the stiffness increases with increasing angle α. This
is a stiffening spring as was desired (the stiffness increases
when the joint is moved out of its equilibrium position).

!"#

Figure 13: Working principle of the MACCEPA 2.0 [56].

 
 

 

tune the stiffness by setting the pretention of the spring, 
directly counteract with the springs. In the Variable Stiffness 
joint (VS-joint) [11] developed by DLR two motors of 
different sizes change the link position and stiffness preset 
separately, but presetting the stiffness requires the smaller 
motor to compress the springs directly. Therefore even at 
equilibrium position changing the stiffness requires energy. 
Furthermore stiffness is mostly a function of angular 
deflection and the role of the second motor in changing the 
stiffness by tuning the preset is much less than that of 
angular deflection. Therefore at a certain angular deflection, 
stiffness can be changed within a small range. In the 
mechanism proposed by [12] the compliance can be tuned 
through changing the aspect ratio of a flexible beam. Even 
this can be done easily with low energy consumption this 
mechanism can regulate the stiffness to only two discrete 
values and not any intermediate value. The Variable 
Stiffness Unit (VSU) developed by [13] is composed of a 
motor, two rings that consist of arc-shaped magnet separated 
by spacers and a linear guide to change the cross-sectional 
area of the two rings. The stiffness of the joint is varied by 
changing the overlapping area of the magnets. In VSU there 
is no spring and the magnet force virtually replicates the 
spring like behavior. The energy consumption to tune the 
stiffness for VSU is low. The main drawback though is the 
small range of stiffness.    

In this work we proposed a new design principle for 
implementing a variable stiffness actuation unit which 
permits the realization of a unit capable of reproducing a 
wide range of stiffness. A novel feature of the proposed 
Actuator with Adjustable Stiffness (AwAS) with respect to 
the existing systems is on the mechanism used to regulate 
the compliance. This is done not through the tuning of the 
pretension of the elastic element as in the majority of the 
existing implementations but by controlling the fixation 
points of the elastic elements (springs) using a linear drive 
which tunes the stiffness based on the variable arm concept 
an idea originated from the work in [3]. Based on its 
mechanism principle, AwAS can be considered as a 
mechanically controlled stiffness actuator according to the 
categorization made by [14].  

The paper is organized as follow: section II illustrates 
concept of the proposed mechanism. Mechanical design of 
AwAS is presented in section III. Experimental trial is 
shown in section IV. Finally section V provides conclusions 
and future works. 
 

II.  MECHANISM CONCEPT 
As can be seen in Fig. 1 two antagonistic springs are 

connected on one side to the intermediate link and on the 
other side to the output link. The intermediate link is rigidly 
attached to the main joint motor. The lever arm is defined as 
the vertical distance between center of rotation of the link 
and the point at which springs are attached. A guiding 
mechanism driven by another motor allows the control of the 

length of the arm by moving the two springs toward to (to 
reduce stiffness) and away from (to increase stiffness) the 
center of rotation. The sum of the lengths of the two springs 
is always a constant, so the pretension does not change when 
controlling the stiffness. When the output link is in its 
equilibrium position (the angular position where zero torque 
is generated, so when the extension of both springs is equal), 
then the force generated by the springs is perpendicular to 
the displacement needed to change the stiffness. This has the 
important consequence that in principle no energy is needed 
to change the stiffness. In different designs the force is 
always parallel to the displacement requiring a strong motor 
and sufficient amount of energy to change the stiffness.  In 
reality, the presence of friction has to be overcome. In 
addition if the joint is not in the equilibrium position the 
force generated by the spring has a small component parallel 
to the displacement and a small amount of energy is needed. 
However due to this property the motor controlling the 
stiffness can be significantly smaller than that in other 
designs of variable stiffness actuators. An additional 
advantage of this design is that it does not require the use of 
non-linear springs or mechanisms to provide the nonlinear 
force/displacement profile which is necessary for the 
stiffness regulation. 
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Figure 14: Conceptual design (a) and working principle (b) of the AwAS [58].



Figure 15: Drawing of the MESTRAN [61].
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Figure 16: Power vs. mass and power vs. volume for some of the reviewed prototypes. Logarithmic scale is used for
power and volume for visualization purposes. Curves at constant power- to-mass and to-volume ratios are reported
as reference. Round marks: purely serial architectures; triangular marks: agonistic/antagonistic architectures;
diamond marks: quasi-antagonistic architectures; square marks: physically controllable impedance actuators.
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Figure 17: Torque vs. mass and torque vs. volume for some of the reviewed prototypes. Logarithmic scale is used
for torque and volume for visualization purposes. Vertical bars range from the nominal torque to the peak torque
for each actuator. For some systems only nominal (n) or peak (p) torque is indicated. Curves at constant torque-
to-mass and to-volume ratios are reported as reference. Round marks: purely serial architectures; triangular marks:
agonistic/antagonistic architectures; diamond marks: quasi-antagonistic architectures; square marks: physically
controllable impedance actuators.
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Figure 18: Torque-to-mass ratio vs. power-to-mass ratio and torque-to-volume ratio vs. power-to-volume ratio for
some of the reviewed prototypes. Bilogarithmic scales are used for visualization purposes. Vertical bars range from
the nominal torque to the peak torque for each actuator. For some systems only nominal (n) or peak (p) torque
is indicated. Round marks: purely serial architectures; triangular marks: agonistic/antagonistic architectures;
diamond marks: quasi-antagonistic architectures; square marks: physically controllable impedance actuators.
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Fig. 4. Bond graph representation of the Dirac structure of a variable
stiffness actuator - The MTF-elements are modulated as given by Eq. (6)
and, thus, they define the power flow.

actuated through the port (τ, q̇).
• The apparent stiffness at the output port (F, ẋ) is related

to the configuration of the internal degrees of freedom.
• Friction is neglected.
• There is no coupling between the output force F and

the velocities of the internal degrees of freedom q̇,
i.e. C(q, x) = 0, because such a power continuous
transformation between forces and velocities cannot be
realized in the mechanical domain.

Following these assumptions, it follows



ṡ
τ
F


 =




0 A(q, x) B(q, x)
−A(q, x)T 0 0
−B(q, x)T 0 0




︸ ︷︷ ︸
D(q,x)




∂H
∂s
q̇
ẋ


 (6)

Eq. (6) can be represented in bond graphs as shown in Fig. 4.

D. Analysis of the model

From Eq. (6), it is easy to derive the variation of the energy
stored in the system, which is given by

dH

dt
=

∂H

∂s

ds

dt

=
∂H

∂s
(A(q, x)q̇ + B(q, x)ẋ)

= −τT q̇ − FT ẋ

(7)

Note that energy can be added to or removed from the system
via the output port (F, ẋ) or the port (τ, q̇). This corresponds
to the power continuity of the Dirac structure in Fig. 3.

In the purpose of designing an energy efficient variable
stiffness actuator, we can state that the most energy efficient
variable stiffness actuator is such that the amount of energy
stored in the system does not change due to power supplied
through the port (τ, q̇). This condition is accomplished if the
term A(q, x)q̇ in Eq. (7) is zero, i.e. if

q̇ ∈ ker A(q, x) ∀ q, x (8)

Note that taking A = 0 reduces the system to the ideal case
depicted in Fig. 1.

From this analysis, we can derive a design guideline
for energy efficient variable stiffness actuators: the design
of the internal configuration should include a number of
internal degrees of freedom such that it is possible to change
the apparent output stiffness while satisfying Eq. (8). This
corresponds to decoupling position and stiffness control on
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q2

x
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k

%

Fig. 5. An energy efficient variable stiffness actuator - The end effector is
constrained to move only in x-direction. The internal degrees of freedom
q1 and q2 are used to change the effective transmission ratio and to control
the end effector, respectively.

a mechanical level. Due to the provided insights in power
flows, the port-based framework, described by Fig. 3 and
Eq. (6), provides an important tool for the design of energy
efficient variable stiffness actuators.

III. A NOVEL VARIABLE STIFFNESS ACTUATOR
CONCEPT

Following the design guideline presented in Sec. II-D,
we introduce an innovative concept of a variable stiffness
actuator. The design achieves a decoupling of position and
stiffness control on a mechanical level, as was concluded
from Eq. (8). The functional concept is based on a linear
spring connected to a lever arm of variable effective length.
The effective length of the lever arm determines how the
stiffness of the spring is felt at the output port. Using
the Dirac structure formulation in Eq. (6), we show that,
by changing the internal configuration, the apparent output
stiffness can be modulated without using energy.

The proposed mechanism is depicted in Fig. 5. The transla-
tional degree of freedom denoted by q1 controls the effective
transmission ratio from the spring to the end effector. It
should be noted that 0 < q1 ≤ %, since q1 = 0 is a singular
configuration in which the transmission ratio is infinite. The
translational degree of freedom q2 is used to control the end
effector, which applies the force F and has position x (this
is the output port (F, ẋ)). Since the displacement s is small
compared to the lever length %, we assume α = 0.

The state s of the zero free length spring is given by

s = % sin φ = %
x− q2

q1
(9)

where φ is defined positive in the counter clockwise direc-
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q1 actuation q2 actuation

actuator output x

Fig. 3. Prototype design and realization - The design closely matches the
concept presented in Fig. 2. The main difference is in the implementation
of the zero free length spring, which is realized by using an antagonistic
spring setup acting on the rotation point of the lever arm.

B. Model

Before proceeding with the experimental tests for the
validation of the concept, we build the model of the setup
in order to verify if the real data are comparable with
the simulation results. In particular, by detailing the Dirac
structure of Fig. 1, we derive the bond graph model of Fig. 4,
which represents both the conceptual design and the real
system since there is no substantial difference between them.

The multidimensional port (τ, q̇) of Fig. 1 is split into two
separate control inputs, which separately actuate the internal
degrees of freedom q1 and q2. The subsystems labeled by
M1 and M2 contain all the relevant dynamical properties
of the two motors, as specified by the data sheets, and the
spindle drives.

The two MTF-elements (modulated transformers) imple-
ment the matrix A(q, x) of the Dirac structure (1), as given
in Eq. (6). The 0-junction represents a shared effort (the
torque) on the connected bonds and a summation of the
flows (velocities). The third MTF-element implements the
matrix B(q) of the Dirac structure (1), as given in Eq. (6).
The 1-junction represents a shared flow on the connected
bonds and represents the actuator output port with velocity
ẋ and force F . Moreover, in this model, we consider that the
system is actuating a load with inertial and friction properties
modeled by the I-element and the R-element, respectively. In
the experiments, we consider a load with mass m = 0.06 kg
and a friction coefficient r = 20 Ns/m. The value of the
friction coefficient is due to the high friction in the sliders
supporting the output motion and has been experimentally
estimated.

V. SIMULATION AND EXPERIMENTAL RESULTS

In this Section, we present a comparison between the sim-
ulation results of the model presented in Sec. IV-B and the
experimental data, both obtained in two different scenarios.
In order to have commensurable data, we implement in both
simulation and real setup the same controllers, namely PID
controllers on the velocities q1 and q2, with properly tuned
parameters. Using the 20-sim simulation package [8], and
its 4C toolchain, it is possible to simulate the bond graph
model of Fig. 4 and directly export the controllers used in
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τ1 q̇1 τ2 q̇2
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Fig. 4. Bond graph based model of the prototype design - The MTF-
elements model the Dirac structure as given in Eq. (6). The subsystems
M1 and M2 model the actuation of the degrees of freedom q1 and q2

respectively. The I-element and the R-element model, respectively, the
inertial and friction properties of the actuated load.

this simulation to C code, which can then run on an external
controller board to actuate the real setup.

Experiment 1 - Static output force: In the first experiment,
the aim is to determine a relation between the output force
F and the configuration q1, which is directly related to the
output stiffness by Eq. (3). The force is measured while the
output position x is fixed (i.e. ẋ = 0). The claim is that the
stiffness can be changed without changing the energy stored
in the spring. To achieve this, the spring is loaded and the
degrees of freedom are actuated while satisfying Eq. (4).

The experiment is summarized in Fig 5. The output
position x is fixed, q1 is set at a distance of 0.076 m to
the rotation point of the lever arm, q2 is such that the angle
φ = 0.15 rad. Then, q1 is moved towards the rotation point in
0.005 m increments towards the final value of 0.026 m, while
q2 is actuated according to Eq. (4). This implies that φ and
sin φ = x−q2

q1
are kept constant. After each increment, the

output force in Eq. (5) is measured, and it is expected that it
varies such that F (q1) = γq−1

1 , where γ = k sin φ = 0.101
is obtained from the kinematic analysis of the design.

The results for this experiment are presented in Fig. 6,
in which the averages of the measured output force for
a number of values of q1 are shown, together with the
standard deviation σ. The mean values of the experiments
are, except for q1 = 0.076 m, all within 1σ of the theoretic
curve. The deviation for q1 = 0.076 m can be explained
by stiction present in the system. For increasing values of
q1, the force generated on the output decreases by Eq. (5),
but for this particular value for q1, this force is no longer
sufficient to overcome the stiction forces in the supporting
sliders. If the measurements for this value of q1 are no longer
considered to be valid, the following curve can be fitted to
the average values of the experiments using a least square
fit, i.e. F (q1) = 0.107 · q−0.99

1 , with a residual r2 = 0.97.
These results show that, in the prototype, the output stiffness
can be changed in an energy free way, i.e. while the energy
stored in the springs is not changed.

Experiment 2 - Dynamic output displacement: In the

!"#$

(a) (b)

Figure 19: Conceptual design (a) and prototype (b) of the energetic efficient variable stiffness actuator presented
in [78].


