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2. Conceptual Design

This section elaborates on the conceptual design, showing the working principle of the VSM and the
key design features that enable an infinite stiffness range and completely decoupled and infinite output
motion from the input.

2.1. The variable stiffness mechanism and its working principle

The novel VSM, shown in Figure 1, consists of a stator, a rotor and an output. In this VSM, the
compliance is created between the rotor and the output by using two leaf springs that connect to the
output at their ends and connect to the rotor via support pins, fixed on the gears of a hypocycloid
gearing mechanism. These pins can move in between the leaf springs in a straight line, imposed by
the hypocycloid gearing mechanism, allowing variable compliance in between the rotor and the output.

Figure 1. The novel variable stiffness mechanism consists of a stator, a rotor and an output.
The compliance is created between the rotor and output by means of leaf springs and it is
made variable by means of support pins that can be moved in between the leaf springs by
using a hypocycloid gearing mechanism. The two planet gears of the hypocycloid gearing
mechanism are connected and rotated by the planet carrier.

The working principle of the concept (of only one leaf spring) is shown in Figure 2. The principle
is based on the class of variable effective elastic element length. A force couple F is applied on the
undeflected leaf spring (in grey), which causes it to deflect (in black). The location of the movable
supports (with coordinate x0) influences the deflection shape of the leaf spring. For an increasing x0, the
effective leaf spring length is decreasing and, therefore, the perceived stiffness at the force application
points is increasing. When the supports are located at both ends of the leaf spring, an infinite stiffness is
felt. When the supports are joined together in the middle of the leaf spring, i.e., x0 = 0, a zero stiffness
is felt and, moreover, the leaf spring is free to rotate about its center due to force couple F . In the VSM,
this means that the output is completely decoupled from the rotor and that the output only shows passive
dynamics, which can be useful for pendulum-like applications, e.g., the swinging of a leg.
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Ho(t) =
Z t

0
< ū(s)|ȳ(s) > ds (3)

By construction limt!• Ho(t) = •. This implies that due to the continuity of Ho(t),
9 a bounded Hmin := mint Ho(t)

We will now constructively define a passive system S̄ which will generate the
input ū(t).

ẋ = n(t)ỹ (4)
ũ = n(t) ∂H

∂x (5)

with H(x) = 1
2 x2 and n(t) = ū(t)

∂H
∂x

. It is easy to see that the previous system is passive

(even conservative) with storage function H(x). By initialising x(0) =
p

2Hmin +D
for any D > 0, it can be seen that by construction ∂H

∂x (t) > 0 8t > 0 and it is therefore
always possible to calculate ū(t). By setting as interconnection ũ = ū and ỹ = ȳ, we
by construction have that:

lim
t!•

H0(x) = lim
t!•

H(x) = • ) x ! •

which proves instability of the coupled system having a state diverging.

The previous proof is simple and reasonably straight forward, but the theorem’s im-
plications are far reaching. First of all, the theorem is general and non linear. This
means that, if a control robot is not passive, it is possible to construct an environ-
ment, maybe by a second controlled robot, which would be passive and if connected
to the original robot would result in an unstable system. This clearly gives a strong
reason to create a passive behaviour for any robot which would potentially interact
with an unknown environment in order to ensure stable and safe behaviour.

5 Connecting to the Discrete World

Everything done so far is related to continuous time. One important issue in practical
applications is that clearly, the controller will be implemented digitally. In order for
this framework to be solid, we therefore need a way to couple the continuous and
discrete world which will not violate the energy balance and therefore which will
not create or distroy energy in the coupling between the continuous and discrete
world. This has been introduced in [11] and will be recalled hereafter.

Consider the port interconnection of a continuous time Hamiltonian system HC
and a discrete Hamiltonian system HD through a sampler and zero-order hold. Sup-
pose that HC has an admittance causality (effort in/flow out) and therefore HD has
an impedance causality (flow in/effort out).
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with the actuators controlled by the control system. The suggested paradigm is that
the control should be tackled as a system which will be coupled using the port struc-
ture of the actuators to the control robot. The controller, which is implemented in
descrete time, is composed of a Intrinsically Passive Controller (IPC) part and a Su-
pervisor part which can inject energy and control the Robot via the IPC controller.
This structure has this form because in this way, if the supervisor will not inject
energy via the IPC, the energy which can enter the Robot-IPC pair, can only come
from the environment. The IPC can be designed on the basis of a model of the En-
vironment, but due to its passive nature, if the Environment will not be as expected,
if the supervisor does not inject energy, the interaction will be always passive. This
follows the paradigm of what is called Control by Interconnection [13].
As it will be formally proven in the next section, if the controlled robot would not be
passive seen from the environment side, there exist possible passive environments
which would destabilise the system when connected to it.

4 Passivity as a must

But why is the concept of port in robotics so important? In robotics the control of
robots which interact with an unknown environment should happen stably in in-
teraction with any kind of environment for clear reasons of performance but more
important safety. As said before, once a robot is interconnected with the environ-
ment, the stability analysis is only meaningful if the environment is considered as
part of the system. Unfortunately very simplistic and unrealistic models of the envi-
ronment are used like elastic, purely linear, unilateral or variations of it. The value of
such stability proofs is highly discussable considering they only proof stability for a
very specific environment. The author argues that in control of systems coupled or
interacting with unknown systems, a different paradigm and analysis is necessary as
introduced in the previous section.
In this context, the following claims are made:
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