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Abstract— An antagonistic actuation with variable stiffness
is proposed for ensuring safety and performance in human
friendly robotic applications. Various arrangements are anal-
ysed with respect to performance, safety and dependability. The
results are expected to provide useful guidelines for choosing an
actuation mechanism and its implementation for human-robot
interactive applications.

I. INTRODUCTION

Safety in robotics is obtained by applying compliance
at the joints, thus reducing the reflected actuator ineitia a @ (b)
the link, which plays decisive role in case of accidental
impacts. Techniques like Variable Stiffness Actuation &yS
and its generalization Variable Impedance Actuation (VIA)
apply such approaches [2]. The compliant system results
safer though a certain reduction of performance is likely
to be expected. A balance of the two quantities, safety and
performance, is obtained in [2], [6] through the solutioranf
optimal control problem, the safe brachistochrone. The saf
brachistochrone generates the optimal trajectory of thie li
under strict safety constraints. The control paradigm ifff st
and-slow/soft-and-fast operation takes place: to beistiffie (c)
initial and_fm_al phases of mOt_Ion' When_accuracy IS ne_edqgg. 1. (a) The simple antagonistic arrangement , (b) the geraent with
and velocity is low, and compliant (soft) in the intermediat cross-coupling and (c) the bi-directional.
high-velocity phase, where accuracy is not important.

This paper deals with a 1-dof system of VSA under safe
brachistochrone control. V.ar?ous antagonigtic arrangﬂme_ ‘%jentified by FMEA ([1], [4]). Two dependability attributes
are proposed, each consisting of two prime movers Witl .. \ciqered: i) the reliability, which is the probabilit
interconnections using non-linear and linear springsasstr

mission elements. A fault management system is considerggjlt the system is able to control stiffness and steer the
- ) manag ys ) : EJomt, and ii) the survivability, which is the probabilityhé
for supervising the functioning and treating failures in

safe wav either by recovering the svstem or stoopin thseystem is able to continue operation at an acceptable rdduce
operati 0?1/ y 9 y ppIng performance. Results from the diverse analyses are expecte

to provide a wider cross section of the system with the aim

Studies of performance, safety and dependability are; . :
.0f evaluating which arrangement meets the best balance.
conducted for the proposed arrangements of the actuation

system. First simulations are carried out to obtain the best [l. SYSTEM DESCRIPTION AND OPTIMIZATION

parameter settings for the assumed task. Few faulty sesnari The schematics of the three arrangements of the actuation
are analysed with the aim of discovering if the system tumgystem are shown in Fig. 1, while Fig 2 shows the realization
to be unsafe, therefore demanding for additional measurgg, one of them. the cross-coupled. Two antagonistically
like fault management. Safety is _quanuﬁed in term of CONposed prime movers (DC motors) provide the necessary force
sequences due to impact, borrowing the HIC metric used {g the motion, transmitted via linear/non-linear transsion
automotive industry [7]. Failure scenarios are deducethfro gjements. The simple AA consists of two identical non-lnea

a failure modes and effects analysis (FMEA). The study aprings, i, and K,. The cross-coupled adds a third linear
system dgpendablhty is queled in a state transition d_mgr spring K5 between the motor joints, which pre-loads the
representing the degradation caused by the same failuressgsiem in the rest position. The bi-directional has twoaextr

X . , ; ) . :
* Authors are at the Interdepartmental Research Centre ‘gRig The linear Sp“_ngSK} an_dKz’ one per side, with pre-loading and
University of Pisa, 56126 Pisa, Italpi cchi @ ng. uni pi . it two steering directions per actuator.
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Fig. 3. The general state transition diagram.

VSA controls. A second reconfiguration (R2) is foreseen in
Fig. 2. The cross-coupled arrangement (Robotic Lab, Cernaiggh, Pisa)  case of loss of one steering direction or the stiffness ogntr

for which it becomes impossible to apply VSA and controls

are switched into non-VSA mode. In case the failure is not

The safe brachistochrone problem is formulated for eaglgcoverable or the reconfiguration has failed, anotherl leve

of the three arrangements. The objective function is thgf protection exists: to abort the operation.
time to accomplish the task from the initial state (|n|t|aI The fault management govern the state changes in the
position = 0, speed = 0, initial stiffness) to a final stategfin finite set X, which are initiated by a fault. For the considere
position = 2r, speed = 0, final stiffness = initial stiffness), actuation systems, five (macro)states have been identified:
under constraints osafetyand the maximum rated voltage of 1) (X1) Fault free: the system applies the optimal VSA,

the motor. The task consists of one anti-clockwise revolyti 2) (X2) Recovered VSA: the system applies VSA after
from stiff to stiff. The safety constraint is set to HIC = 10. successful reconfiguration

The safe brachistocroneeturns the o.ptimal cqntrol !nputs 3) (X3) Recovered non-VSA: the system applies a non-

(the voltages) at the motors, and different simulations are * \/sa control after successful reconfiguration,

performed in order to find the best values for the spring 4) (X4) Detected system failure: stop of operation,

elements. 5) (X5) Undetected system failure: the system has failed
A sample of results for the simple AA is shown in Figure in operation.

4. High velocity is reached for a low stiffness at the linknpi The general state transition diagram is shown in Figure

The HIC value tends to reach the maximum and the stiff-ands 1, ake the model more realistic, the fault management
slow and the fast-and-soft behaviour is clearly manifesteqy.,nfiguration R1 and R2 and the fail stop (FS) are assigned
Similar results are obtained for the other arrangements. ﬁ‘coverage() The coverage is a value between 0 and 1

more complex design does not necessarily return a bet‘iﬁ}/fth C = 1 if the fault treatment (from the detection to the

performance. reconfiguration) is always successful, afidless than 1 if
there is a probability that the fault is missed. For example
the successful fail-stop due to a missing reconfiguration R1
A failure modes and effects analysis have been carridd calculated agl — C1)C3.
out for the three arrangements and few of these have beerThe system dependability attributes of interest are ritliab
reproduced during a simulated run of the system. The VSA iy and survivability. The reliabilityR(¢) is the probability
an open loop control law, so that any fault is very likely theof being in X1 or X2. The system survivabilityv(¢) is the
cause of a wrong trajectory of the link and possible concernmobability of being reliable or in X3.
for safety. This is attested by simulations of a motor falur The general model of Figure 3 is specialized for the
(fail saturated) and the breakage of the pulling spring. Ithree arrangements. The time to failure of each compo-
both cases, the system misses the desired final state and alent is assumed to be exponentially distributed. The re-
increases the HIC along the run above the limit, which makesilting stochastic process is a Continuous Time Markov
it to not to be intrinsically fail-safe. Recovery of safetgibhg Chain (CTMC) [4], described by the Kolmogorov equa-
mandatory for human-robot applications, additional messu tions, which return the probability distributiop(t) =
have to be considered to manage faults when they occlr (¢), p2(t), ps(t), pa(t), ps(t)] in X, for the initial state
and recover the system to a functioning safe state [8]. Th¥t) = [1,0,...,0] att=0. The various CTMC are analysed
fault management considered for the presented case studfed a dataset of failure rates, all assumed to be equal to
is specified with its functional interface. The system mansit 10~°/h, and three operational scenarios: i) only fail stop
any state change in the actuation mechanism and triggeisfail stop and R1 and iii) fail stop, R1 and R2. Instead
reconfigurations for adjusting controls and recoveringriro of reliability and survivability, their average statisgtidlean
the faulty operational scenario [5]. A first reconfigurationTime To Failure MTTF = f0°° R(t)dt and Mean Time To
(R1) deals with faults for which it is still possible to apply Survive FailureMTTSF = fooo Swv(t)dt are calculated.

IIl. FAULT MANAGEMENT AND DEPENDABILITY ISSUES
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Fig. 4. Optimal operation of simple AA. (a) Link-joint speet) (Link-joint stiffness and (c) Motors and Link-joint posibs.

TABLE |

MTTF AND MTTSF (IN YEARS) FOR THE ACTUATION ARRANGEMENTS VERSUS DIFFERENT SETTINGSFOTHE FAULT MANAGEMENT SYSTEM.

FS FS and R1 FS and R1 and RZ
MTTF | MTTSF | MTTF | MTTSF | MTTF | MTTSF
Simple AA 2.8 2.8 2.8 2.8 2.8 2.8
Cross-coupled AA| 2.3 2.3 2.8 2.8 2.8 4
Bi-directional AA 1.9 1.9 2.8 2.8 2.8 6

Results (in years) are shown in Table I. With the onlyarrangements, becomes an asset for the ability of the system

fail stop facility, the simplest arrangement results thestnoto survive to certain critical faults, thus allowing for lper
reliable one withM/TT F = 2.85 years. If reconfiguration R1 mission time without repair interventions.

is added, the three systems behave identically, no digtmct
existing between reliability and survivability. If recogfira-
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