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Abstract. Variable Stiffness Actuators (VSAs) emerged as an alterna-
tive to conventional actuators in a variety of applications, such as walking
robots and service robotics. New requirements, which were obviated in
the design of rigid actuators, must be accounted for during the mechan-
ical design of such new devices. Among them, we find the possibility of
tunning the natural frequency of the mechanical system or damage re-
duction in case of impacts A multitude of solutions have been already
proposed in the literature, each characterized by the kind of mechanism
in charge of implementing the equilibrium position and the stiffness of
the joint. With this work, we introduce a new actuator design based on
tendon transmission, where a main motor controls the equilibrium posi-
tion of the link while a secondary motor is in charge of modifying the joint
stiffness. Unlike existing actuators, our proposal achieves a wide range of
stiffness values, from close to zero up to completely rigid. Another distin-
guishing feature of the new design is the existence of a torque threshold,
such that variable stiffness only becomes effective once the load is above
a certain predefined threshold.

1 Introduction

In recent years, advance in the variable stiffness actuators (VSA) has been no-
table in the robotic field. Several designs of VSA have been proposed and studied
the performance in different applications.

The concept of a VSA is to elastically decouple the link inertia and the motor
rotor inertia, where the stiffness of the coupling can be modified and controlled.
This mechanical implementation has two main applications. On the one hand,
the elastic component of the variable stiffness mechanism allows to store and
release energy, reducing the energy consumption and maximizing the velocity
peak torque achievable with a classical “stiff” actuator. Here, the capability of
modify the stiffness of the joint is needed to adjust the natural frequency of the
system. The most relevant application is in walking and running robots and in
robotic prosthesis, where by varying the stiffness of the mechanism, the natural
frequency is modified and adjusted to different step frequency [1–4]. Also, the
capability of store and release energy can be used to achieve faster movements
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of a robot arm. In a rigid actuator the link speed is the same of the motor, but
in a flexible joint, the potential energy can be used to accelerate the link with
respect the output shaft of the motor. Albu-Shäffer et al. [5] have experimentally
confirmed a speed gain of 265% for the link velocity between a rigid and an elastic
joint.

On the other hand, the VSA can be used as a safety mechanism. Since the
VSA decouples the rotor inertia from the link inertia, the rotor inertia and the
inertia of the rest of the links of the kinematic chain do not take part in case of
an unexpected impact with the environment. This mean lower impact forces for
the safety of the environment, or for the human safety in the case of a service or
an assistive robot, and lower joint peak torque for joint protection. For a safety
robot, the VSA can be act stiff during precise tasks at low speeds and compliant
in fast movements when positioning is not important [6].

As a result of works carried out in different robotic fields where VSAs find
applications, a large number of designs have been proposed. According to the
functional concept and disposition of the flexible components of the VSA, they
can be classified into antagonistic configuration or serial configuration. In the
antagonistic configuration, two elastic elements act in opposite directions at the
joint, and the equilibrium position and the stiffness of the joint are controlled
by two motors. In the majority of antagonist configurations, motors only act
over one of the two elastic components, so that motors also act in opposite
directions jointly changing both the position and the stiffness of the joint [7, 8].
Nevertheless, under the point of view of energy efficiency it becomes desirable to
use each motor for one independent task [9]; in those cases, a first motor controls
the link position while another one changes the joint stiffness [10, 11]. In the serial
configuration only one flexible element is required between the main motor, in
charge of settling the equilibrium position, and the link; a second, smaller motor,
modifies the stiffness [12–15, 4].

The present work introduces the design of a novel VSA, named AVASTT (Ac-
tuator with VAriable Stiffness and Torque Threshold), whose working principles
rely on tendon transmission, and set it apart from previous similar devices due to
the wide stiffness range, from close to zero up to ideally rigid; and the existence
of a torque threshold, where the compliance of the actuator only acts when the
external torque reach a predefined minimun value. In section 2 we firstly review
the desiderata regarding design criteria of this kind of actuators. Next, our pro-
posed design is introduced and a mathematical modeling is derived in section
3, while the next section describes our practical implementation of a physical
prototype. We end providing some conclusions in section 6.

2 Design Criteria

The most relevant design criteria of a rigid actuator are the maximum torque
that the driving motor should provide and the maximum rotational speed. In
contrast, new important characteristic must be taken into account when dealing
with VSA:
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(a)

(b)

Fig. 1. The conceptual design of our VSA, (a) in its rest configuration and (b) deformed
under an external force

– Allowed stiffness range.
– Permitted range for the angular deviation.
– Dependence between stiffness and angular deviation.
– Energy storage capability.

The characteristics of the different kinds of VSAs are strongly conditioned by
the specific type of mechanism employed to control the position and stiffness of
the actuator. Apart from the classification into antagonist versus serial config-
uration, another key feature of VSAs is the way in which stiffness is actually
modified. The most frequently-adopted solution is the pretension of the flexi-
ble component, usually a spring, which by means of the appropriate mechanism
becomes a variation of the actuator stiffness. However, an important drawback
of this approach is that the motor must operate working against the flexible
element [7, 8, 10, 11, 13, 14, 4]. Different proposals that can be found in the
literature rely on the modification of the length of a lever, thus maintaining the
pretension of the elastic component constant during operation [12, 15].

Next we address the main aspects of the above mentioned VSA properties:

– Allowed stiffness range. It is defined by the minimum and maximum
stiffness values allowed by the device. Although this range may depend on the
particular application, in principle it would be desirable to have the largest
possible range. Most previously-proposed VSAs have a limited stiffness range
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and only a few proposals (e.g. those based on the variation of the lever length)
can reach a totally rigid configuration. Among those ones, AWAS-II [15] can
also achieve, at least in theory, a null stiffness.

– Range of angular deviation. This is the range of the potential angles
between the equilibrium position and that of the link under external loads.
The mechanism should allow a range of angles wide enough such that, dur-
ing normal operation, it does not reach its mechanical limit positions. A
deviation of 15◦ is considered enough for humanoid robot arms [11].

– Dependence between stiffness and angular deviation (stiffness curve),
that is, how the stiffness varies as the angular deviation increases. In appli-
cations where the goal is reducing the damage caused by a potential impact
between the robot and a human, increasing stiffness is preferable [11, 13–
15]. An stiffness that increases with deformation has been also found to be
desirable in active prostheses and in hopping robots [4].

– Energy storage capability. This property is closely related to the range of
angular deviation and the stiffness curve. The overall elastic potential energy
could be employed to absorb kinetic energy in an impact or to intentionally
accelerate the link motion by means of a proper control strategy [11].

3 Mathematical Modeling

In this section we first describe the working principles of our new AVASTT
actuator, then derive a suitable mathematical model for it. We must remark
that during the design phase we took in mind all the aspects mentioned in the
previous section.

The proposed mechanism comprises a serial configuration, with the driving
rotor determining the equilibrium position of the output link and a secondary
motor to modify the stiffness of the joint. Fig. 1 illustrates the conceptual design,
whose main characteristic is the usage of a tendon-pulley transmission. The
output shaft of the motor is attached to the driving pulley, which has two wires
attached each with its own tensioner. In turn, the cables are attached to an
internal rigid rod whose end is pinned to a cylinder that can freely roll over a
lever. A third tendon is attached between the cylinder axis and a spring that is
attached to the link frame.

When a torque is applied by the motor shaft, the spring is compressed. This
elastic deformation leads to the angular deviation β between the shaft motor
position and the output link –refer to Fig. 1(b). The value of this angle clearly
reflects the degree of stiffness of our VSA, and is determined by the angular
position of the lever actuated by the secondary motor. When the lever is exactly
in the vertical position, according to Fig. 1(a), the actuator becomes an ideal
rigid actuator since no angular offset is allowed between the input and the output
link. On the other hand, when the lever is horizontal we achieve maximum
flexibility. Notice that Fig. 1(a)–(b) show two different states of our design for
the same configuration of the internal lever, i.e. constant stiffness, but with a
zero and a nonzero input torque, respectively.
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Fig. 2. Schematic description of all the variables involved in the analysis of our VSA

In order to properly characterize our actuator we must obtain the relationship
between the actuating torque T and the resulting angle β. Please, refer to Fig. 2
for the physical meaning of all the variables that we present next while searching
for the relationship between the angular deviation β and the torque T and the
stiffness K.

When the driving pulley rotates an angle β with respect to the equilibrium
position, and neglecting the elastic elongation of the tendons, it is clear that
part of the initial length l0 will move towards the pulley (in particular, a length
of βR) while the rest must match the final length of the cable (l1 in the figure).
Therefore,

l0 = l1 + βR (1)

In this new position, the cylinder has rolled over the lever a distance l2,
which depends on the angular position of the lever. Let θ be this parameter that
controls the stiffness of our actuator. Then, the angle α can be obtained from
the triangle with sides l0, l1 and l2 as:

sinα =
l2 sin θ

l1
(2)

and regarding the rolling distance l2, it can also be obtained from the cosine rule
applied to the same triangle, which leads to:

l21 = (l2 sin θ)
2 + (l0 − l2 cos θ)

2

−→ l2 = l0 cos θ −
√
l21 − l20 sin

2 θ (3)

The displacement of the cylinder generates a spring compression of:

xs = h1 − h0 (4)

with h0 and h1 the initial and final cable lengths as depicted in Fig. 2. It can be
then shown that:

h1 =

√
(l1 sinα+ h0)2 +

(
l1 sinα

tan θ

)2

(5)
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By now substituting (1), (2) and (3) into (5), then the resulting expression
into (4), we arrive at the expression that relates the spring compression xs with
the angular torsion β,

xs =
√
A2 + h2

0 − 2h0A sin θ − h0 (6)

with: A =

√
(l0 −Rβ)2 − l20 sin

2 θ − l0 cos θ

Next we address the evaluation of the torque T from the spring elastic force.
The tension of the spring tendon is simply its stiffness Ks times the deformation,
i.e.

Fs = Ksxs (7)

Three different forces act on the rolling cylinder: (i) the force Fs above, (ii) a
reaction force Fn, normal to the lever, and (iii) the tension Fc from the tendon
attached to the driving pulley. Solving for force equilibrium we arrive at:

Fc = Fs
sin(θ + γ)

cos(θ + α)
(8)

with the angle γ given by:

γ = tan−1 l2 cos θ

h0 + l2 sin θ
(9)

Finally, the torque T can be written as (the complete expression is not shown
for the sake of conciseness):

T = FcR = T (R, l0, h0,Ks, θ, β), (10)

and taking derivatives of (11) with respect to β we obtain the torsional stiffness
of our actuator:

K =
dT

dβ
= K(R, l0, h0,Ks, θ, β), (11)

Thus, both the torque T and the stiffness K depend on a number of parame-
ters: mechanism dimensions (R,l0,h0), the linear stiffness of the spring (Ks), the
lever angle (θ) and the angular deviation (β). For any given actuator the first four
parameters will remain fixed, while the lever position θ will be controlled with
the secondary motor. As previosuly introduced, when the lever is in the vertical
position (i.e. (θ)=0 deg) no angular deviation is mechanically allowed, then the
actuator is completely rigid. In the opposite behaviour, if the lever is horizontal
(i.e. (θ)=0 deg), no force is requiered at the beginning of the angular deviation
(as derived from (8)), hence null stiffness is showed. Others main properties of
the proposed VSA are summarized besides the mechanical implementation in 5.
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4 Torque Threshold

A singular feature of the AVASTT is the possibility of adjust a torque threshold.
In this configuration, the joint act as a rigid one since the external force applied
in the link do not overtakes a selected threshold. Once this value is exceeded
the compliance of the mechanism comes into operation. With this feature, the
robot can work as a rigid robot in precise positioning tasks assuring the joint
protection in case of an external overload. Also, in a compliant configuration of
the VSA, a slight torque threshold makes the joint more stable without losing
its benefits of store and release energy.

In AVASTT the threshold torque can be adjusted with the tensioner of the
wires. If the wires have an initial pretension, in the equilibrium position of the
joint the two wires have the same value of tension. When an external force is
applied at the link, the tension of one of the two wires start increasing, while is
decreasing in the other wire (Fig. 3). Until the first wire has doubled the initial
tension and the second one is loosed the spring do not start compression. Then,
adjusting the wires initial tension it can be modified the torque threshold at
which the compliant actuator acts.

5 Mechanical Implementation

Fig. 4 illustrates the mechanical implementation of the AVASTT. The driving
(main) motor is a Maxon DC motor with a nominal torque of 0.4 Nm, coupled to
a planetary gearhead with a gear ratio of 100:1. As a secondary motor we employ
a Maxon DC motor with a peak torque of 0.14 Nm. The latter motor acts on
the lever that controls the system stiffness by means of a non-reversible worm
drive with a ratio of 60:1. The linear spring has a stiffness of 80.5 kN/m and
a maximum length compression of 34 mm, which limits the angular deviation
(β) of the mechanism to a maximum of 54◦, when used in its minimum-stiffness
configuration.

We present in Fig. 5(a) a number of torque vs. angular deviation curves for
different configurations of our VSA (i.e. different positions of the inner lever),
which have been computed with the nominal dimensions of our prototype (R = 7
cm, l0 = 151 mm, h0 = 47 mm). It can be seen how the curves present an
increasing slope as the lever angle increases, becoming totally vertical when the
mechanism limit is reached, that is, when the pulley cable becomes perpendicular
to the lever. Fig. 5(b) shows the stiffness curves, which also exhibit the same
behavior of increasing with the angular deviation. A comparative between the
main characteristics of our prototype and other representative VSA can be found
in Table 1. Notice that the dimensions of this first prototype have been largely
overestimated in order to make it resistant to severe impact tests. A lighter and
more compact design is feasible in order to make it suitable for integration into
humanoid robots.
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(a)

(b)

(c)

Fig. 3. Illustration of how pretensioning of the inner cables can be exploited to achieve a
torque threshold in the behavior of the actuator. a) Equilibrium position. Wires initial
pretension. b) Applied external force below the threshold limit. c) Applied external
force over the threshold limit, VSA actuation.

(a) (b)

Fig. 4. (a) CAD model and (b) real picture of our VSA design, without the motors
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Table 1. Comparison of the AVASTT prototype with other VSAs

AVASTT
(This work)

AwAS
[16]

AwAS-II
[15]

FSJ
[16]

MACCEPA
[2]

VSA-CUBE
[17]

VSA-HD
[18]

Nominal torque (Nm) 40 10.75 10.75 31.3 50 1.1 10
Maximum stiffness (Nm/rad) ∞ 1300 ∞ 826 110 14 8360
Minimum stiffness (Nm/rad) 0 30 0 52.4 5 3 0.38
Maximum elastic energy (J) 46 3.5 5.8 5.3 27.9 0.047 0.12

Maximum deflection (◦) 54 14 17 15 60 16 60

Active rotation angle (◦) 360 120 150 180 150 120 360
Mass (kg) 4.5 1.8 1.4 1.41 2.4 0.26 1.7
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Fig. 5. (a) Torque-angle and (b) stiffness-angle curves for our prototype

6 Conclusions

With this work we have introduced a new VSA design. We opted for a serial
configuration design, where a main motor drives the actuator while a secondary
one is in charge of modifying the stiffness by means of rotating an inner lever.
Our design allows fulfilling with the imposed design requisites, with a wide range
of achievable stiffness, even allowing a complete rigidity. One particularity of
the presented model is the possibility of adjust a torque threshold, with this
feature the compliance of the joint only acts when the external force overtakes
a certain level. Future works will address an extensive experimental validation
of the physical prototype in order to verify its predicted properties.
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