Toward Soft Robots
You Can Depend On

hysical human—robot interaction (pHRI)
represents one of the most motivating, chal-
lenging, and ambitious research topics in
robotics. Many of the future and emerging
applications of robotics, be they in service
[14], assistance and care [23], rehabilitation [34], or
in more traditional working contexts [34], will
indeed require robots to work in close vicinity if not
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A robot for pHRI applications must be regarded
in all aspects as a safety-critical system, as it has been
unfortunately proven several times in the past that conven-
tional robots can be dangerous or even deadly machines [33].
Since the very beginning of industrial robotics, a great deal of
attention has been paid to robot safety, the first line of defense
having always been to take all measures to enforce segregation
between robots and people [5], [40]. As market pressures
together with ethical concerns are about to topple some of
the barriers separating robots and people, safety standards
are evolving. The 2006 revision of the ISO10218-1 standard
[21], for instance, introduces more advanced concepts than in the past,
such as the idea of a collaborative operation between humans and robots, and
the replacement (albeit to a very limited, conservative extent) of fixed rules with risk
assessment procedures. More generally, for applications involving pHRI, analysis tools
are needed that are classical in the literature on critical systems [2], [38] but are still
rather new in robotics [9], [10], [13], [42]. These tools focus on the attributes of 1)
safety, 1.e., the absence of damages and injuries; 2) reliability, the continuity of service;
and 3) availability, the readiness of service; in a word, the comprehensive attribute of 4)
dependability. The goal of this article is to begin an in-depth study of the dependability
of robots for pHRI, starting with the analysis of an elementary, yet critical, robot
component, i.e., the joint-level actuation subsystem.

As an answer to the need to build robots that can provide useful performance while
guaranteeing safety against all odds, engineers have proposed several innovative solutions
to overcome the classical paradigm “rigidity by design, safety by sensors and control,”
which is more suited for conventional industrial robotics, and are shifting toward a
“safety by design, performance by control” philosophy [1], [14], [18]. In our own previ-
ous work [3], [4], variable stiffness actuation (VSA) and its generalization in variable
impedance actuation (VIA) have been demonstrated to be effective in obtaining a safe
yet performing robot motion by swiftly alternating stiff-and-slow and fast-and-soft
motion modes. Indeed, in high-velocity impacts, low-joint impedance can effectively
decouple the link’s inertia from the actuator’s reflected inertia, which is typically large
due to the transmission gear ratio. Although the investigation of VIA, including variable
damping [11], [25], [29], [31] and/or gear ratio, is a very promising research direction,
as of today there are only very few examples of general VIA systems for robotics applica-
tions. On the contrary, a number of different prototypes exist that can vary the transmis-
sion stiffness [8], [22], [32], [43]. Among these, we focus on VSA mechanisms whereby
joint stiffness values can be continuously varied as a function of joint velocities. This is
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Figure 1. Three possible arrangements for AA: (a) simple,
(b) cross coupled, and (c) bidirectional.

Figure 2. Laboratory prototypes of three AA arrangements:
(a) simple AA with exponential springs, (b) cross-coupled
arrangement of the VSA-I, (c) bidirectional arrangement of the
VSA-Il, and (d) one half of the VSA-Il opened up.
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contrasted to other methods that adapt compliance only once for
each different task and implies that implementation of VSA
requires hardware capable of changing stiffness with a time-con-
stant comparable to that of the mechanics of the rigid robot
(i.e., of the order of milliseconds). Furthermore, among several
possible solutions to implement the VSA idea, we focus our
attention here on the notable class of antagonistic actuation
(AA) systems. Agonist-antagonist actuator pairs are commonly
seen in nature and have been studied in biomechanics as well as
robotics for a long time [15]. Artificial AA systems are more
complex in design, construction, and operation when com-
pared with conventional rigid robot joints. This increase in
design complexity, while useful for achieving a safer system in
nominal conditions, might affect the dependability attributes
and the performance in the presence of faults.

This article describes possible implementations of the VSA
concept via three different arrangements of the agonist-antagonist
actuation scheme. A detailed comparative dependability analysis
of possible specific failure modes is conducted, whose results
provide insights on the design of the actuation mechanism and of’
fault management (FM) layers, including fault detection and
identification (FDI), system reconfiguration, and fail-safe emer-
gency stops, to provide the ability of tolerating faults and continu-
ing safe operations.

AA Arrangements
In its simplest implementation, an AA arrangement consists of
two prime movers connected to the moving element (link)
through two nonlinear elastic elements [see Figure 1(a)]. Rota-
tion of the motors in the same sense generates a net torque to the
joint, while rotations in the opposite sense set different levels of
effective compliance at the joint. Depending on the implementa-
tion, prime movers can be regarded as either torque or position
sources, and elastic transmissions can have different characteristics.
We assume that motors have much higher reflected inertia at the
joint axis than the link itself, due to the fact that in robotic appli-
cations high gear ratios are often used (gears are included in the
prime-mover element in our analysis). We also consider unidirec-
tional (tendon-like) transmission elements. A laboratory imple-
mentation of a simple AA arrangement is depicted in Figure 2(a).
A closer inspection of the musculoskeletal system in humans
shows that not all articulations are actuated by an arrangement
of agonistic—antagonistic muscles analogous to this simple case:
indeed, more muscles are involved, and couplings exist between
the actuation of different joints. From an engineering view-
point, simple AA arrangements might not be optimal as well.
For instance, if pull-only tendons are considered, the maximum
torque available at the joint cannot be more than that of each
single motor, and no net torque is available at the joint when
stiffness is at the maximum. To overcome this limitation, a possi-
ble modification is to introduce a third elastic element (possibly
different from the two antagonists) to cross couple the two
prime movers [see Figure 1(b)]. Cross coupling allows setting
preload forces in the system to tune it to nominal working con-
ditions and using (a fraction of) each motor’s torque in both
directions. The VSA-I prototype introduced in [37] and
depicted in Figure 2(b) is an implementation of this concept.
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One further variation of the basic AA arrangement, which
addresses the issues of unidirectional actuation not using cross
coupling, consists of connecting each actuator to the link via
two elastic elements (not necessarily symmetric) in the push-
pull configuration [see Figure 1(c)]. The VSA-II prototype
introduced in [35] and depicted in Figure 2(c) implements
such a bidirectional AA arrangement. Figure 2(d) is a view of
one half of the VSA-II mechanism. One motor is connected
to the inner pulley (marked in red), while the link is fixed to
the outer shells of the two halves. Two elastically preloaded
four-bar mechanisms are visible, which are used to connect
bidirectionally the motor to the outer shell.

Mechanics and Control Codesign

We chose to design the actuation arrangements considered in
this article by the mechanical/control codesign approach that
was illustrated in [3]. The basic idea is to select the mechanical
elements (springs and motors) and design the nominal (open-
loop) input functions so as to optimize performance while guar-
anteeing that a given risk threshold is never exceeded during the
robot motion. This is a variational optimization problem (the
so-called safe brachistochrone), which can be solved numeri-
cally. The evaluation of the safety threshold is done through
extensive simulation runs of

seconds. A factor of g°/% ~ 300 applies between HIC values in
different units. Automotive crash test literature typically uses
the latter units. We use SI units in this article.

A substantial difference between the safe brachistochrone
characterization in [3] and its application to the AA arrange-
ments considered is that here the variation of stiffness cannot
be achieved instantaneously (as it was in the ideal model in
[31]), and its rate is limited by the available actuator torque and
inertia. Furthermore, we take into account the dissipative
effect of back electromotive force.

Interestingly enough, the basic result of the safe brachisto-
chrone study remains valid in these more realistic conditions and
for the different design configurations encountered in the AA
implementations described here: the minimum-time control of a
VSA under strict safety constraints consists of alternating stiff-and-
slow and soft-and-fast motion modes. As an illustrative example,
the numerical results for the safe brachistochrone optimization of
the cross-coupled AA arrangement are shown in Figure 3.

Modeling for Dependability Assessment

The behavior of a system under unexpected conditions or fail-
ures is the main subject of dependability engineering. A system
is said to be dependable when its service can be justifiably
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Figure 3. Numerical optimization results for the codesign of a cross-coupled AA arrangement
implementing joint variable stiffness. (a) The link goes through an approximately trapezoidal velocity
profile. (b) Stiffness is correspondingly high in the initial and final phases of motion, and low in
between. (c) Agonist and antagonist actuators are shown in action in the different phases. (d) The
optimized HIC values during motion tend to the acceptable limit (here set to 10 m?? /s%).
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trusted over well-stated operational conditions and a given
time interval. This general definition specializes into several
attributes [24]. The most important ones include

1) safety or the absence of catastrophic eftects of failures

2) reliability or the continuity of service

3) availability or the readiness of service.

A dependability assessment study typically starts with the
failure modes and eftects analysis (FMEA) and returns a ran-
dom variable for the dependability attribute, with its distribu-
tion and statistics (e.g., average and variance). For instance, the
mean time to failure (MTTF) and the mean time between
failure (MTBF) are often used as statistic indicators for reliabil-
ity and availability, respectively.

Methods for dependability assessment (modeling and analysis)
are basically split into 1) combinatorial (e.g., fault trees, reliability
block diagrams) and 2) state based (e.g., Markov chains, Petri
nets). Combinatorial approaches typically return the probability
of an event, e.g., the overall system failure, in a rather computa-
tionally efficient way, which is useful for the analysis of complex
systems. State-based approaches instead return a richer descrip-
tion of the whole failure process, from the fault-free state to the
system failure state, including the transitional states. When this
description is required, state-based approaches prove to be more
powerful and lend themselves to the evaluation of more detailed
failure scenarios, including the effect of fault tolerant design and
periodical inspections. In this article, we will adopt the state-
based approach to analyze the dependability of rather simple

joint actuation arrangements introduced previously.

Failure Modes and Fault Management

The FMEA is a tool for identifying the failure modes in a sys-
tem and for reporting the causes on the basis of their occur-
rence and the general effects on the delivered function [16].
While FMEA analysis can be very detailed, we use it here only
to establish a principled but reasonably simple failure model of
the three AA arrangements under consideration (see Figure 1).

To this purpose, the following assumptions are made:

o Faults are statistically independent random processes.

o The occurrence of a fault in a component causes the

sudden transition from a fully functional to a failed state.

& Faults are permanent. Slow performance drifts and tran-

sient and systematic failure modes are not considered.

To further limit the complexity of an FMEA for the three AA
arrangements under consideration, we restrict our consideration
to only two elementary components, i.e., motors and elastic
transmission elements (referred to as springs, although they might
not be realized as such in practice). The control and electronic
power amplifier system is included in the motor FMEA model.

Motors are assumed to fail either by a controller fault (whereby
in the worst case the shaft torque defaults to its maximum value) or
by a mechanical gear breakdown, with the axis getting stuck at a
fixed position or breaking loose. Springs breakage causes zero tor-
que to be transmitted through the corresponding elastic element.

For a critical system such as a pHRI robot joint, some
measures of FM should be taken to minimize the eftects of
faults. In our examples, we postulate a simple FM control layer,
which consists of a series of three independent modules:
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sensors, internal logic, and recovery actions. Sensors pick up
motor current and position signals, which are processed by the
FDI logic, whose role is to track state changes in the joint
actuation mechanism. Recovery actions are issued accordingly,
either by system reconfiguration or fail-safe emergency stop.

Because we assume that VSA joints are controlled to track
optimal safe velocity-stiffness references (planned, e.g., by the safe
brachistochrone method), an FM action is necessary to restore
the system to a functioning state or to stop it safely [27], [42]. For
example, a spring failure in the bidirectional arrangement alters
the mechanism stiffness and the effective impacting inertia at the
link. To avoid risks in the subsequent operations, the system
should be reconfigured to reset its internal stiffness value accord-
ing to the optimal VSA solution in the new conditions.

Three types of reconfigurations are considered to restore the
functioning of the system automatically, before repair intervention.
A reconfiguration of the R1 type copes with the failure scenarios
by which it is possible to recover control of both the link motion
and stiffness, albeit at the cost of some performance loss (e.g., due
to a reduced stiffness variation range). The breakage of the preload-
ing spring in the cross-coupled AA and of one of the springs in the
bidirectional AA are such scenarios. A second type of reconfigura-
tion (R2) is applied when the steering of the link is not compro-
mised, although stiffness cannot be controlled any longer. Controls
are switched into the non-VSA mode in order that the system may
continue to operate safely at a reduced velocity. Finally, a reconfigu-
ration of the third type (R3) simply uses the residual functioning
elements of the system to reduce the elastic energy stored in the sys-
tem, before shutting down to a fail-safe stop. This fail-safe opera-
tion abort by emergency stop is issued if the detected failure is
critical for safety or reconfiguration has failed.

The list of failure modes for the three arrangements illustrated
in Figure 1 is shown in Table 1. Each component is assigned a
failure mode, the effect is provoked at the system level, and the
type of coverage action is provided by an FM system. The
reported effects correspond to each fault occurring singularly.

State-Based Model
The last changes caused by the occurrence of single faults and
sequences of faults with the respective recovery actions are
accommodated in a state transition diagram, evolving as a discrete
event system [6].
In total, the following five states are identified:
1) Fault free: The system functions normally.
2) Recovered with VSA: After successtul reconfiguration,
the system controls both the link motion and stiffness.
3) Recovered without VSA: After successful partial reconfi-
guration, the system controls the link position but not
its stiffness.
4) Fail-safe stop: The system has been detected as failed
and the operation stops.
5) System failure: The system has failed in operation.
The last state is reached in worst-case situations where a
reconfiguration or fail-safe stop action may itself fail.
System dependability attributes are defined on subsets of
the state space X. Thus, reliability is the probability of conserv-
ing the VSA function, namely of being in states Xg =
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{fault free, recovered with VSA}. We introduce the term steerability
to indicate a partial reliability attribute, for the system conserving
the steering function possibly without stiffness (VSA) control. In
other words, steerability is the probability of being in Xg, =
Xgr U {Recovered without VSA}. The system is expected to be safe
in the reliable states, in the recovered without VSA state and in the
fail-safe stop state, namely Xs = X, U { Fail-safe stop} (compare
later simulation results in the “Safety” section).

The state-based dependability models for the three AA
arrangements are shown in Figure 4(a)—(c). The definitions of
the states are described in Table 2. Cases where one motor axis
gets stuck due to gear-box breakage lead immediately to failure
(possibly through the R3 reconfiguration) and are not further
discussed here. A 0 in a motor column, hence, indicates a loose
joint, while 1 indicates correct functioning. Symmetric failure
conditions in the considered systems are aggregated in a single
state in the diagrams. A label with the names of the destination
or source states is used in place of arcs to keep the description as
compact as possible. For example, in Figure 4(c), the state X3
has two labeled output transitions to states X, and X7 and one
labeled input transition from state Xj. Each state is also described
by two entries spaced by the symbol || indicating for each motor
whether it can apply bidirectional torques to the link (value 2),
unidirectional (value 1), or no torque at all (value 0).

For all models, the actions issued by FM are successfully
accomplished with a certain probability that depends on the
correct execution of the fault-handling process, i.e., the
sequence of detection, identification, and recovery [7], [20].
This probabilistic model is represented by a coverage factor C,
which is a number that ranges between 1, in case the fault is
certainly covered, and 0, if that fault is certainly not covered [39].
The noncoverage fraction 1 — C accounts for missed detections
and/or improper reconfigurations, which lead to the system
failure state.

Failures and recovery actions draw stochastic processes in
X which, in our consideration, can be modeled by a continu-
ous time Markov chain (CTMC) [39]. A
CTMC is described by a state probability vec-
tor p) = [po(0, .. pxi(@O pi0) >0,
Vi=0... N—1, and > pi(f) = 1. Here

2) Cross-coupled AA Qcc =

_/1() /1()1 /1()2 )t()?) /104
0 — 11 0 )q 3 A 14
0 0 — /12 )»2 3 /124 . (3)
0 0 0 0 0
0 0 0 0 0

3) Bidirectional AA Qpig =

—Ado Ao 0 oz Ao 0 0 Ay
0 = i 0 A 0 Jis A7
0 0 — /12 0 /124 0 }VZ(, /127
0 0 0 =3 Jdu Az Az Ay )
0 0] 0 0 —4 0 Aag Ag7 |
0 0 0 0 0 —5  Asg  Asy
0 0 0 0 0 0 0 0
0 0 0 0] 0 0 0 0

The diagonal elements of Q are the sum of the elements in
the row, according to the balance of rates entering and leaving
each state k, i.e., 1y = — 211151# A

The transition rates of Q are expressions of the component
failure rates and of the reconfiguration coverage factors.

Let A+ and 4y denote the number of failures per hour of
motor M; defaultiﬁg to maximum torque and to zero torque,
respectively, and Ay, = Ayt + Ayp - Let also Ak, be the failure
rate of the nonlinear spriﬂg K, and /x; be the failure rate of
the linear spring K.

In the analysis, we have assumed identical motors and symmet-
rical springs, so that Ay« = Aye, Ay = Ayo, Ave = Aur,
Ak, = A, and Agr = Jxr. When only one motor or spring
among the symmetrical ones is valid, the subscript is omitted.

For example, transition X1— X3 from recovered with VSA

to fail-safe stop for the cross-coupled arrangement is:

23 = C3(Ak, + Ak, + Zar, + Aany)s 5)

Table 1. FMEA of the three AA arrangements.

pr(t) is the probability that the system is in state EREDNEnE EaliieiMods ERsct Action
X at time t. The probability distribution p(f) Simple AA . ' .
evolves according to Kolmogorov’s equation Motor 1 A 2 Maximum torque Uncontrolled mot!on Fa!I-safe stop
Motor 1 A 2 No torque Uncontrolled motion  Fail-safe stop
d Motor 1 A 2 Stuck Uncontrolled stiffness R3
d—p(t) =p(HQ, (1) Springs K1 AK2  Breakage Uncontrolled motion  Fail-safe stop
! Cross-coupled AA
for ¢ > 0, with initial conditions p(0). The Motor 1 A 2 Maximum torque Uncontrolled mot!on Fail-safe stop
. . . Motor 1 A 2 No torque Uncontrolled motion  R2
transition rate matrix Q, corresponding to Motor 1 A 2 Stuck Link stuck R3
the .Laplacian of the tra.lnsition graph, is Springs K1 AK2  Breakage Uncontrolled motion  Fail-safe stop
specified for the three different models as Spring K3 Breakage Uncontrolled motion  R2

follows.

1) Simple AA Qsimple = Motor 1 A 2 Maximum torque Uncontrolled motion  R3
Motor 1 A 2 No torque Uncontrolled motion  R2

—J0 Aol A, Motor 1 A 2 Stuck Link stuck R3

0 0 o 1. 2) Springs K1 A K2 Breakage Uncontrolled stiffness R1

0 0 0 Springs K1"AK2'  Breakage Uncontrolled stiffness R1

Bidirectional AA
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Figure 4. State-based dependability models of the (a) simple, (b) cross-coupled, and (c) bidirectional AA arrangements.

Table 2. Description of the functional states.

State M1 K1 k17 M2 k2 k2' k3

Simple AA
X0 1 1 NA 1 1 N/A  N/A
X1 and X2 Failure of any further component from

state X0

Cross-coupled AA
X0 1 1 N/A 1 1 N/A 1
X1 1 1 NA 1 1 NA 0
X2 1 1 NA 0 1 NA 1
X2(sym.) 0 1 N/A 1 1 N/A 1
X3 and X4 Failure of any further component from

states X1 and X2
Bidirectional AA

X0 1 1 1 1 1 1 N/A
X1 1 1 1 1 1 0 NA
X1(sym.) 1 1 0 1 1 1 N/A
X2 1 1 0 1 1 0 NA
X3 1 1 1 1 0 1 N/A
X3(sym.) 1 0 1 1 1 1 N/A
X4 1 1 1 1 0 0 NA
X4(sym.) 1 0 0 1 1 1 N/A
X4 1 1 1 0 1/0 1/0 NA
X4(sym.) 0 1/0 1/0 1 1 1 N/A
X5 1 0 1 1 0 1 N/A
X6 and X7 Failure of any further component from

states X2, X3, X4, and X5

where the coverage factor Cs accounts for reconfiguration R3
in case of failure of one component among two nonlinear
springs and two motors, given spring K3 has already failed.
Transition X0— X1 from fault free to recovered with VVSA for
the bidirectional arrangement is:
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)\,O] - C] (/1[({ + /ALKé), (6)
where the coverage factor C; accounts for reconfiguration R'1
in case of failure of one of the two linear springs. An example
is also given for transitions that lead to the system failure state.
Transition X0— X2 from fault free to system failure for the sim-
ple arrangement is:

22 = (1 = C3) (A, + Aag, + Ak, + 2k)s )

where 1 — C5 accounts for the missed coverage in case of
failure of one component among two motors and two springs.

Failure rates in the expressions are added up because of their
assumed statistical independence.

Results

Dependability Analysis Results
The dependability attributes of interest, reliability R, and steer-
ability St are defined for the three AA mechanisms as the sto-
chastic variables R(f) and St (f), where
o simple: R(f) = St () = po(t)
@ cross coupled: R(f) = po(f) + p1(f); St(t) = R(t) + pa(t)
o bidirectional:  R(f) = po(t) + p1(f) + p2(t);  Sr(f) =
R(0) + p(6) + ps () + ps ).
A numerical evaluation of reliability and steerability is
conducted under the following assumptions for all models:
1) The component failure rates are constant and equal to
107> failures per hour.
2) Systems are assumed to be working correctly at the start.
Hence, the initial probability vector is p(0) = [1,0,...,0].
3) An indefinitely long mission time is specified so that
operations only end when the system fails.
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In these conditions, the transient analysis of p(f) can be
replaced by average statistics [39], in particular MTTF for reli-
ability and mean time to steering failure (MTTSF) for steer-
ability. These quantities can be calculated by applying the final
value theorem of the Laplace transform, i.e.,

t
MTTF = lim / R(1)dt = lin(l) R(s) (8)
t—00 0 §—>
t
MTTSF = lim Sr(t)dt = lirr(} St(s) 9)

t—00 0
where

R(s)
Sr(s) =

PO = Qv
pO)I = Qv

with v, and v, suitably defined according to the above discus-
sion: for instance, for the cross-coupled AA, one has

I =11 1
=11 11

0 0 0]
0 0]

Three operational scenarios are considered, namely, OP I,
OP II, and OP III, which correspond to three difterent settings
of coverage factors C1, C2, and C3. In the first scenario, recovery
actions R1, R2, and fail-safe stop always occur when needed
(C1 =C2 = C3 =1). In the second scenario, reconfiguration
R2 is not available (C2 = 0, C1 = C3 = 1), while in the third
case no reconfiguration is operational, and only the fail-safe stop
action is available (C1 = C2 = 0, C3 = 1). Numerical results for
MTTEF and MTTSEF are reported in Table 3 and illustrated in Figure
5. With the only fail-safe emergency stop and no reconfiguration
(OP 1II), the simple AA is the most reliable arrangement with
MTTF = 2.8 years, while the bidirectional AA and the cross-
coupled AA are 1.9 and 2.3 years, respectively. The result can be
explained by considering that without reconfigurations, the com-
plexity in the design of the bidirectional and cross-coupled arrange-
ments turns out to be a source of unreliability for the system. For
example, the breakage of a linear spring affects the trajectory of the
link and lowers the reliability. If reconfiguration R1 is performed
(OP1II), MTTF (as well as MTTSF) becomes 2.8 years for the three
AA arrangements. Reconfiguration R2 in scenario OP I ensures an

MTTSEF of six years for the bidirectional, against four years for the
cross-coupled and 2.8 years for the simple arrangement.

Safety

As mentioned earlier, the design of the three VSA actuators has
been conducted so that an impact occurring in any phase of
their motion would not exceed a given injury risk. However,
this guarantee only holds in case the systems are fully function-
ing. To assess the safety of the mechanism in case of possible
faults, the effects of impacts occurring in coincidence with
some of the possible mechanical faults must be considered.

As reasonable coverage of all possible cases by actual impact
experiments is not feasible, a rather extensive simulation cam-
paign has been conducted. In each simulation run, faults are
injected in the system according to the model described in the
sections discussing FMEA and reliability analysis. We consider
faults consisting of the failure of a single component, occurring
at an arbitrary time instant in the course of task execution by the
VSA system. Representative fault timing is considered to be in
the acceleration, intermediate, and deceleration phases. No FM
strategy is used in the simulations. For comparison purposes, the
dynamical models of three AA arrangements for VSA are con-
sidered. The model parameters (inertias, spring constants, and
actuator torques) are chosen so that they would perform equally
well under nominal fault-free conditions. Specifically, they
accomplish the reference task (a rest-to-rest motion of 27w rad)
under equal safety bounds in the same time.

An example simulation with a fault injected in the accelera-
tion phase for the three different arrangements is reported in
Figure 6, showing that this type of fault can actually become

Table 3. MTTF and MTTSF (in years) for the

actuation arrangements versus different
settings of the FM system (three OP scenarios).

OP Il OP Il OP I
MTTF MTTSF MTTF MTTSF MTTF MTTSF
Simple 2.8 2.8 2.8 2.8 2.8 2.8

Cross coupled 2.3 2.3 2.8 2.8 2.8 4.0
Bidirectional 1.9 1.9 2.8 2.8 2.8 6.0

W Bidirectional
[ Cross Coupled
Bl Simple N

MTTF (years)
O = N W 01 O N

B Bidirectional |
= Cross Coupled
Bl Simple

MTTSF (years)
O = N W 01 O N

Figure 5. (a) Reliability (MTTF) and (b) steerability (MTTSF) of the actuation systems versus the FM coverage (three OP scenarios).
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dangerous. As another representative example, the effects of
failure of the coupling elastic element in a cross-coupled actua-
tor is shown in Figure 7. It can be observed that the system
maintains the ability of adapting stiffness in this case. Accord-
ingly, satety margin violations are only marginal. Similar results
are found for the bidirectional arrangement, thus confirming
the expectation (discussed in the “State-Based Model” section)
that reliable states are safe.

Table 4 describes a summary of the consequences of the
various failures in the three arrangements as obtained through
simulations. Note that simulations evaluate the worst-case

consequence of an impact occurring at any time between the
start and end of motion, in the presence of a given type of
failure occurring in one of the three phases. Thus, for instance,
the first line in Table 4 means that, if in a simple AA arrange-
ment, motor 1 fails defaulting to maximum torque in the
acceleration phase, then at some subsequent time an impact
will overcome the safety limits.

It should be further noted that a conventional joint, rigidly
connected to the motor, and dimensioned to achieve the same
performance in the reference task, would result to be unsafe for
impacts even in the fault-free case (the only countermeasure

Simple AA: Motor 1 Stuck at U= 0 at t,; ~0.04 s
10 7 18
9 16
6
8 \\ / 14
7 5 12
6 4
10
° /
4 \ 3 / 8
> I . -
® \ / 4
1 \\ 1 2
N
0 0 0
0 0.1 02 03 04 05 0 0.1 02 03 04 05 0 0.1 02 03 04 05
(@) (b) ()
Cross—-Coupled AA: Motor 1 Signal Stuck at U =0 at t,; =0.04 s
12 7 20
/ \\ 18
8 j\ 5 N 14
\ 4 / ~— 12
6 | \ 10
\ : 0
4 \ I 2 I \ 6
2 ~o I .
ol A ~ 0 0
0O 02 04 06 08 1 12 0O 02 04 06 08 1 1.2 0O 02 04 06 08 1 1.2
(d) (e) ®
Bidirectional AA: Motor 1 Signal Stuck at U = 0 at time f;,;=0.04 s
12 7 20
T~ 18
6 /[ N\
10 / \ 16
8 j\ 5 \( 14
\ 4 / N 12
1
I\ al ] O\
4 \ [\ 2 I 6
2 //\\ 1 I g
ol Nt ~ 0 0
0 02 04 06 08 1 12 0 02 04 06 08 1 12 0 02 04 06 08 1 12
() (h) U]

Figure 6. An example of a safety-verification simulation test, showing runs for each of the three arrangements with a failure of
motor 1, defaulting to zero torque in the acceleration phase. The effects of the fault are shown on the (a), (d), and (g) joint

stiffness (in Nm/rad),; (b), (e), and (h) velocity (in rad/s); and (c), (f),

and (i) resulting HIC for impacts potentially occurring

thereafter (in m??/s*). Time is reported in seconds on the abscissae.
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here would be to lower the velocity and
hence the performance).

Conclusions

In this article, we performed an analysis
of the dependability of an elementary
yet critical robot component, i.e., the
We
consider robot actuators that implement
the VSA paradigm, i.e., ability to change

the effective transmission stiffness during

joint-level actuation subsystem.

motion to achieve high performance
while constantly keeping injury risks by
accidental impacts with humans below a
given threshold.

Without attempting a comprehensive
review of different existing design ap-
proaches to VSA, we focused on the analy-
sis of three different arrangements of
agonistic/antagonistic actuation mech-
anisms for pHRI applications. Several
aspects of their performance, safety, and
dependability have been considered to get
an indicative, though certainly not exhaus-
tive, comparison of these alternatives.

According to our results, the simple
AA arrangement is more reliable (due to
the simplicity of its mechanical imple-
mentation) if FM is not used. Proper
FM actions can make other designs per-
form equally well as the simple AA con-
cerning reliability and can perform
better for steerability. Simulations of
impacts in failed states (where FM is not
used by a worst-case assumption) also
show that the different designs have
comparable safety properties.

Although overall results for the bidir-
ectional arrangements are somewhat
superior, especially in terms of steerability
(if FM is applied), we do not extrapolate
any general claim in this regard. Indeed,
many factors influence the results of simi-
lar studies, and each case should be con-
sidered in detail and very carefully.

The scope of the study can become
quite broad, and many of the theoretical
and technical issues presented here (e.g.,
fault detection, supervisory control, and
safety-related systems) will require further
separated investigations. One of the pur-
poses of this work was to explore and
further promote dependability studies in
robotics, as a means of addressing con-
cerns in safety-critical robotic systems for
physical interactions with humans. In this
sense, a robot for pHRI applications is a

SEPTEMBER 2008

Table 4. Single component failures during acceleration,

intermediate, and deceleration phases
for the particular nominal task execution.

Component Failure Mode Consequence
Simple AA
Motor 1 Maximum torque Acceleration — Unsafe
Intermediate — Unsafe
Deceleration — Safe
Motor 1 No torque Acceleration — Unsafe
Intermediate — Safe
Deceleration — Safe
Motor 2 Maximum torque Acceleration — Safe
Intermediate — Safe
Deceleration — Safe
Motor 2 No torque Acceleration — Unsafe
Intermediate — Unsafe
Deceleration — Safe
Spring K1 Breakage Acceleration — Safe
Intermediate — Safe
Deceleration — Safe
Spring K2 Breakage Acceleration — Marginally unsafe

Cross-coupled AA
Motor 1

Motor 1

Motor 2

Motor 2

Spring K1

Spring K2

Spring K3

Bidirectional AA
Motor 1

Motor 1

Motor 2

Motor 2

Spring K1

Spring K2

Spring K1' A K2/
(preloading
linear springs)

Maximum torque

No torque

Maximum torque

No torque

Breakage

Breakage

Breakage

Maximum torque

No torque

Maximum torque

No torque

Breakage

Breakage

Breakage

Intermediate — Safe
Deceleration — Safe

Acceleration — Unsafe
Intermediate — Unsafe
Deceleration — Safe

Acceleration — Unsafe
Intermediate — Safe

Deceleration — Safe

Acceleration — Safe

Intermediate — Safe

Deceleration — Safe

Acceleration — Unsafe
Intermediate — Unsafe
Deceleration — Safe

Acceleration — Safe

Intermediate — Safe

Deceleration — Safe

Acceleration — Marginally unsafe
Intermediate — Safe

Deceleration — Safe

Acceleration — Marginally unsafe
Intermediate — Marginally unsafe
Deceleration — Safe

Acceleration — Unsafe
Intermediate — Unsafe
Deceleration — Safe
Acceleration — Unsafe
Intermediate — Safe
Deceleration — Safe
Acceleration — Safe
Intermediate — Safe
Deceleration — Safe
Acceleration — Unsafe
Intermediate — Unsafe
Deceleration — Safe
Acceleration — Safe
Intermediate — Safe
Deceleration — Safe
Acceleration — Marginally unsafe
Intermediate — Safe
Deceleration — Safe
Acceleration — Safe
Intermediate — Safe
Deceleration — Safe
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Acceleration
Cross Coupled: Linear Coupling Spring Fails
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Figure 7. Simulation results corresponding to failures of the coupling elements in a cross-coupled AA arrangement. HIC values
developed with faults injected during (a) acceleration and (b) intermediate phases are shown, indicating a marginal violation of
the set value (10 m?>/s?), which can be tolerated if a suitable safety margin is used.

unique benchmark for improving the state of art of fault tolerant
design as well as in developing tools to master performance,
dependability, and safety issues of a robotic structure.
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