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Abstract— This paper presents an energy-based control
strategy to be used in robotic systems working closely or
cooperating with humans. The presented method bounds the
dangerous behavior of the robot during the first instants of the
impact by limiting the energy stored into the system to a
maximum imposed value.Two critical physical human robot
interaction (pHRI) cases are studied, these are the collision
either against a free or a clamped head. Safe energy values that
can be used as reference were retrieved by analysing
experimental data of energy absorption to failure of cranium
bones and cervical spinal cords.The energy regulation control
is implemented in a series elastic actuator prototype joint. The
model and the control scheme of the system are analysed. The
proposed control scheme is a position-based controller that
adjusts the position trajectory reference in function of the
maximum energy value imposed by the user. Preliminary
results are presented to show that the actuator unit and this
control scheme are capable of limiting the energy to a
maximum imposed value.

I. INTRODUCTION

N recent years the exploitation of robots within the human
environment have rapidly increased. From the safety
perspective this places new demands on the development of
the robotic systems. Among others the actuation and the
control strategy are probably the predominant factors that
determine the overall safety index of the robotic machine.

Typical rigid manipulators employ a stiff connection
between the motor and the link that makes the high
frequency output impedance to be dominated by the sum of
the link and the reflected rotor inertia. The latter term is
often high due to the high gear ratio, making the robot to be
unsafe during impacts. In order to overcome this problem,
various safe-oriented control techniques have been
developed for reducing the output impedance of the system
[1], [2]. Unfortunately, these strategies are effective for
frequencies that are below the closed loop bandwidth of the
control system.
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In contrast to the “stiff” approach, a wide range of
experimental novel compliant actuation systems [3], [4], [5],
[6], [7] have been developed during the past fifteen years
incorporating inherent safety mechanisms.

The series elastic actuator (SEA) family is an early
development towards the realization of actuator units with
intrinsic compliance. This family employs a fixed
compliance element which decouples the output of the high
impedance actuator from the load. Some examples of the
SEA can be found in [5], [6], [7], [8]. The main advantage
of a SEA system is that, by mechanically decoupling the link
from the rotor, it makes the output impedance to be low
across the frequency spectrum. At frequencies below the
closed loop bandwidth of the SEA control, the output
impedance can be further tuned via control laws, while at
high frequencies (e.g. during the first stage of a blunt
impact), the elasticity of the joint mechanically decouples
the output link from the rotor, making the output impedance
to be dominated by the link inertia. Thus, by means of an
appropriate mechanical structure (e.g. SEA design) and a
safe-oriented control strategy, the typical problem of the
safety of rigid torque controlled robotic systems over the
frequency spectrum can be addressed.

The safety of a robotic structure is often characterized by
means of safety indexes which were developed in fields that
are different from robotics. A well known safety criterion is
the Head Injury Criterion, or HIC [9] which was born in the
automotive industry and has been used in [5], [10-13]. These
indexes are based on tests that emulate collisions where the
orders of magnitude of the physical variables (e.g. velocity)
are significantly different from those of a generic robotic
system. In addition, the computation of this index uses only
the acceleration of the head during the impact, without
taking into account the sequence of events and the boundary
conditions. For instance, it does not distinguish between the
case of a collision with a free head or a collision with a
clamped head, despite the fact that the risks are very
different for the two cases [13]. It is clear from the above
that these criteria are not suited to characterize the safety of
a robotic system. In addition, as far as the HIC is concerned,
the complexity and the computation requirements of this
index make difficult the real time implementation of this
criterion within the control system of a robotic device in
order to ensure safety. To calculate the HIC index it is
necessary to have a model of the head, to simulate the
impact between the robot and the head, and then integrate



the retrieved acceleration of the head in the time domain
between the two time extremes that maximize the index
during the impact phase.

In this paper a new concept to measure and control the
safety of a robotic structure that takes into account the
physical characteristics of the system e.g. the inertia and the
joint stiffness is presented. Furthermore, making the robot
always work in a safe region, this control strategy prevents
the danger that can be caused by collision instead of
counteracting only after the collision is detected. The
proposed control method is implemented and evaluated on a
prototype series elastic robotic joint. The paper is structured
as follows: Section II presents the critical human-robot
collision scenarios considered in this work and reports on
the energy exchange safety limits. The dynamic model of a
series elastic actuation unit and the energy regulation control
are introduced in section III, while in section IV,
experimental results validate the proposed control strategy.
Finally, section V addresses the conclusions and future
work.

II. CRITICAL HUMAN-ROBOT COLLISIONS - SAFE ABSORBED
ENERGY MARGINS

A. Critical Human-robot collision scenarios

In this study, the collision between the robot and the human
head is considered as a reference case since the head is one
of the most delicate parts of the human body. Two collision
cases are analyzed. In the first case, Figure 1a, the robot is
colliding against a clamped head, while in the second case
the robot is colliding against a head that can accelerate after
the collision with the robot link. These two cases have been
already analyzed in [12], [13], where an evaluation of the
potential severity of the impacts by means of safety indexes
is provided.

Physical

Fig. 1 Clamped head (a) and Free head (b) collision case

In the first case the impact forces are only exerted on the
skull bones, while in the second case, after the first stage of
the impact, the head can be subject of high acceleration
/velocity motion exerting stress on the neck that can be
equally or more significant than the stress exerted on the
skull bones. In the first case the energy absorbed by the
human cranial bone is examined, while for the second case it
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is useful to take also into consideration the energy absorbed
by the human upper cervical bone.

B. Clamped head case - Safe absorbed energy levels for
the Cranial bone

Data on the amount of energy required to cause the failure
of the cranial bones can be found in [14], [15]. One
interesting aspect of the results obtained in these studies is
that, even if the mechanical properties (e.g. elastic modulus)
of the bone and the suture of the skull are different, the
amount of energy required to cause the failure is
approximately the same for both structures [14]. In [15]
skulls of adult humans were exposed to dynamic tests with
stress rates ranging from 0.005sec™ to 150sec™. The results
show that the energy absorbed to failure is constant over the
spectrum while the modulus of elasticity, the breaking stress
and the breaking strain depend on the excitation rate [15].
The above suggests that shaping the energy level of the
robotic device can be a suitable strategy which can
guarantee low accidental risks during collisions between the
robot and the human. From [15] the linear regression of the
values of energy absorbed to failure measured in 120
specimens over the spectrum returns an energy/volume ratio
~ 0.9 M

3
mm

of g/ililur67 adult

The volume of the head can be computed using the
following formula from [16]:

Vadult _ head ~0.5238 -L-B-H (1)

Where L is the maximum antero-posterior length of the
skull, B is the breadth and H is the height. For the typical
adult skull L=196mm, B=155mm, H =112mm [17]. By

multiplying (1) with the energy/volume ratio the energy
level that can cause the failure of a typical adult skull can be
derived to be equal to:

-V 2

adult _head

~517J

E4BS  fuilure _adult = € fuilure _adult

The above energy level is just an indicative value of the
energy required to break a typical adult human skull. In this
work a more conservative level is considered in order to
prevent not only the failure of the skull bone but also to
minimize the risk of a serious injury. Such a conservative
level can be the energy required to produce the same effects
on an infant human head instead of an adult human head. In
contrast to the stiff adult cranium, the infant skull is a
compliant structure capable of substantial deformation under
external loading and is thus much more delicate. In [14]
experiments were carried out to check the rupture of the
three-point bending at two velocity rates: in a first case a
quasi-static excitation is forced on the cranium with the
velocity of the loading nose equal to 2.5mm/min (42.3-10°°
m/s), while in the second case the loading nose is moving at
a velocity that is 2540mm/min (42.3-107 m/s). In the case of
the “slow” loading nose the amount of energy absorbed is
smaller if compared with the other case. In contradiction to



the human adult cranium case, the absorption of energy to
failure is a function of the strain rate and, of course, of the
age of the infant (Fig. 2).

As expected, the energy absorbed to failure in this case is
smaller than that of the adult human head and equal

~0.16 N_mgn This is the mean value of
mm

the results obtained from specimens of 6 months old infants

[14], see Fig.2.
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Fig. 2 Energy absorbed to failure versus age — human cranial bone in three
point bending [14]

The typical volume of infant skulls can be found in [18]. For
a 6-months old infant this is equal to:

Vit neaa 713 0-10°mn?’

&

3)

Therefore, the level of energy that can cause the failure of a
typical 6 months old child skull is equal to:

E 4BS  fuilwre _child = € fuilure _ child V head Cchild 120 J (4)
It is reasonably lower compared with the one shown in (2)
and, thus, far from the dangerous energy levels required to
seriously injure the cranium of an adult human being.

C. Unclamped case - Safe absorbed energy level for the
neck

Injuries to the cervical spinal cord are of special concern,
because damage in this region may result in deficits ranging
from slight motor and sensory losses in the lower limbs to
complete quadriplegia and lifelong ventilator dependency.

In [19] it has been shown that, during normal human head
motion, quite large axial strains occur in the cervical spinal
cord, although these probably occur at low and not
dangerous strain rates. However, during accidental sudden
impacts strains in the spinal cord occur very rapidly,
resulting in temporary or permanent loss of neural function
that is closed to the injured region. Measures of the level of
the absorbed energy that may cause the failure of the
cervical spinal cord can be found in [20]. An average value
for this parameter experimentally estimated using 7 intact
adult specimens is

£ ~30J (%)

mean _ neck
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The value in (5) represents a mean energy value which takes
into account different kinds of pathologies, from the
disruption of ligaments to the fracture of certain bones of the
cervical spinal cord. It can be noticed that this value is much
smaller than those in (2) and (4). This implies that from the
energy absorption and failure point of view, the neck is a
much more delicate structure compared to the cranial bone.
Table 1, below, summarizes the minimum absorbed energy
levels, which may cause critical injuries in a human head or
neck, during accidental collision of the clamped or free
human head with a robot.

TABLE 1
VALUES OF SAFE ABSORBED ENERGY MARGINS
Case Analyzed structure Energy [J]
Clamped case Adult c‘ranium A 517
6-months old infant cranium 120
Unclamped case Adult neck 30

III. ENERGY REGULATION CONTROL

The basic concept of this control strategy is to limit the
energy stored into the structure of the robot (joint and link)
in safe levels below those introduced in section II. During
the accidental collision the worst case condition is assumed,
that is, all the energy stored in the link is transferred to the
collided body.

A. The series elastic actuation prototype unit

The proposed energy regulation control was implemented
and evaluated on a single SEA joint. The actuator used
consists of three main components: a typical brushless DC
motor, a harmonic reduction drive and the rotary passive
compliant module.

Fig. 3 Compact SEA mechanical model diagram

These three components can be represented by the
mechanical model shown in Fig. 3. The model is composed
of the rotary inertia and viscous damping of the
motorJ, , D, , the gear drive with the reduction ratio of N,

the elastic module with an equivalent spring constant of K,
the output link inertia and axial damping coefficient.J,, D, .
In addition, @,,, ,, are the motor mechanical angles before

and after the reduction drive, ¢, is the angle of the output



link and ¢, is the rotary defection of the elastic module with
respect to @, such as that

0,=0,+0, ©)

Finally, 7,, is the torque provided by the actuator while

T, is the input torque of the elastic element and 7 is the

torque applied to the system by the load and/or the
environment. The above system can be described by the
following set of dynamic equations.

(7
(®)

(J,,'N*-s>+D,,-N*-s+K,)-0,-K;-0, =7,
(J, s*+D,-s+Kg) 0, -Kg-0,=1,

B. Trajectory shaping based on energy regulation control

Consider now the scenario of the single joint robotic
system, based on the actuation unit of Fig.3, interacting with
the body of the human operator, as depicted in Fig.4. The
amount of energy stored by the generic robot link body
shown in Fig. 4 is given by:

Eo =8 &, +E,

9)
Where ¢; is the translational and rotational kinetic energy, &,
is the elastic potential energy and ¢, is the gravitational
potential energy. The energy stored into the prototype link
as function of the parameters of the joint model introduced
in Fig. 3 is given by

. . 10
IKS-BSZ+%JL~(90+9S)2+ (10)

Eot =4
2
1

+5JM ~(«90 ~N)2 +%mL -[(90 +¢9'S)-ZCOG]2 +

+m, -g-sin(@, +6g) 1 o6

Where the additional parameters introduced are the mass of

the link m,, the acceleration of gravity g and the distance

between the axis of rotation and the center of gravity of the

link /cog. Applying a limit on this energy results in
gfot < gmax

(11)

From the above energy limit &, the limit of the spring

X
deflection angle €, can be derived from (10) given the

instantaneous kinetic and gravitational energy of the link.

HSMAX (t) = i\/

However, (12) gives a solution only if the term under the
square root is bigger than zero, i.e. when the total energy
stored is dominated by the elastic potential energy, which is
the case of unexpected collision or interaction with the
environment. The term under the square root is negative
when the sum of the kinetic and the gravitational potential
energy is greater than the maximum energy allowed.
Assuming that the robot manipulator is designed for safety,

(e — e (- ,(D)2 (12)

K

N

the maximum gravitational potential energy stored would be
much smaller than the maximum energy threshold, and thus
the condition in which the term becomes negative would be
when the total energy stored is dominated by the kinetic
energy, which is the case of a free motion at a velocity that
makes the kinetic energy to reach the energy threshold &,,,.
In this case, a term A6, is used to generate a new reference
angle (see equation (14)) given the current angle 6,:

AG, (1) = i\/— (N

The sign of the terms in (12) and (13) is determined by the
conditions reported in Tab. II, where the case of possible
interaction is distinguished by the following condition:
E.> Epy — 4 —E, > 03 while the situation of possible

L -e,(1)2 (13)

K

free motion is detected by Ep —Ep —E, <0

TABLE II
POSSIBLE WORKING CONDITIONS

0, >0= 6 >0
POSSIBLE INTERACTION 5 SvAx

0y, <0= Oy, <0

6,>0= A6, <0
POSSIBLE FREE MOTION :

0, <0= A6,>0
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Given the maximum allowable energy the objective of the
control strategy is to adjust the reference trajectory of the
joint when the energy stored in the link exceeds the
maximum limit imposed. When this condition is verified the
trajectory is adjusted in order to ensure that the deflection
does not become bigger than the maximum allowed
preventing the energy levels from exceeding the preset safe
value.

Fig. 4 Compliant actuator configuration

To achieve the above the trajectory modification module
uses a proportional control law to regulate the reference
trajectory. In particular, during the interaction the trajectory
regulation law uses the difference between the instantaneous

spring deflection angle 6’S and the maximum deflection
angle 6, given by (12). For the free motion case the

correction term of (13) is used to compute the modified




reference trajectory of the joint 90[, wop from the

measured angle 6,, .

The combined trajectory regulation law for both cases can
be expressed as follows:
O &,

tot < gmax

(14)

60D7MOD= O + (5 — O KpJNT; &> Enax & T &, >0

6,+Ag,-K 5 Em

Y, & —¢,<0

ax_
Where the term K, jyr is the proportional gain used for the
interaction case and K, s, is the proportional gain used for
the free motion case. When the total energy stored exceeds
the maximum allowed, the control system switches the value

of the reference angle 00D to the modified one in function

of the detected condition, according to (14). When the total
energy stored is lower or equal than the maximum allowed,
the system switches back to the reference value of the

desired trajectory angle 901) . A representation of the energy

regulation control strategy is illustrated in Fig. 5. To prevent
the high frequency components, introduced by the switching
between reference trajectory and the safety imposed value,
from entering the servo loop, a weighted mean between the

desired trajectory angle 90[, and the modified reference

trajectory of the joint 6, ,,,, Was implemented.

~—6op [rad]

Comparison Low-Pass
>=7?

Enable L Mean Enable | Weighted | o, 11
[0-1] St [0+1] Mean ©

£t [J]
Energy
Calculator

Fig. 5.The trajectory modification module of the energy regulation
control scheme
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8o [rad],
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8o [rad],
05 [rad],
wp [rad/s],
ws [rad/s]

The signal “Enable” is the switching signal generated from
the results of the comparison between the total energy
stored, &, and the maximum energy threshold &y,. This
signal, is low-pass filtered to give ME (Mean Enable),
which is used as a weight for the “Weighted mean” block. .
The filter in Fig.5 is an adaptive first order filter, being its

bandwidth set in function of the difference between O,

and 6,, ,op- In detail, the pole of this filter is set

0 p =0 | Gop —Oop wop) | In this way, the
maximum value of the derivative of the position reference

(velocity) is limited to a maximum value 90 wax Obtained

from a safety-based criterion (in this case, 6,,,, is the
velocity that makes the kinetic energy to reach the maximum
allowed £,,,, ). This makes the controller to not to inject
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large magnitude commands that can result unsafe during
transitions from 6, to O, ,0p and vice versa. The

signal 8’yp is the output of the block “Weighted Mean” and
is given by

9’00 (1) = ME(t)- 900 ) +(A-ME@))- 901)71\/1013 () (15)

The overall energy regulation control scheme is shown in
Fig. 6.

INPUTS g N
a & £y \
0D RN 0
| )

&

Energy
Calculator

Fig. 6 Block scheme of the energy regulation control

IV. EXPERIMENTAL RESULTS

Experiments were conducted in order to verify the
performance of the energy regulation control scheme
introduced in the previous sections. The experiments were
performed using the prototype actuation unit [6] shown in
Fig. 7.

Fig. 7 Free motion case test setup

Two potentially risky cases were analyzed: the case of an
accidental collision, and a case of free motion at a high
velocity. For both cases the highest contribution on the
energy stored into the joint is given either by the elastic
potential energy or the kinetic energy. The gravitational
potential energy is not giving a relevant contribution to the
overall energy, this is because this system has a lightweight
link (my = 0.41 kg) giving a maximum value of &g e =
0.45J.



A. Accidental collision case

In these trials the motor was commanded to follow a
sinusoidal trajectory while collisions were generated within
the range of motion of the link using a soft obstacle made of
foam, Fig. 8.

Fig. 8 Accidental collision test setup

The trajectory parameters and the energy limit applied are
illustrated in Table III. The maximum energy imposed was
set equal to 0.8], which is much smaller than the values
shown in Table I. This was done in purpose in order to test
the behavior of the control system avoiding big force-torque
exchanges that can damage the test equipment.

TABLE III
MOTION/ENERGY PARAMETERS OF THE COLLISION EXPERIMENT
Parameter Value
Amplitude of the trajectory reference A 0.7 rad
Frequency of the trajectory reference ® 0.25Hz
Maximum energy value imposed €px 0.8J

Fig. 9a depicts the trends of the energy components.

| == = == Overall Energy

| === Maximum Imposed Energy
Kinetic Energy H
Gravitational Potential Energy

Eregy [J]

Time [s]
(2

| == == Trajectory reference
54 — =~~~ -~~~ — === Modified Trajectory reference [
| = === Actual angle

5.6

Argelred]

Time [s]

(b)

Fig. 9 Impact case: a) Energy components b) Trajectory modification

It can be observed that during the impact, the kinetic
energy drops to zero as a consequence of the decrease of the
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velocity of the link. The potential energy grows accordingly
with the spring deflection due to the impact, making the
overall energy to exceed the maximum allowable value. In
this case the control works to limit the elastic potential
energy, because the kinetic energy and the gravitational
potential energy are constant due to the fact that the link is
not in motion. Fig. 9b depicts how the trajectory angle is
modified in order to achieve the goal.

B. Free motion case

In the second experiment the joint performed a free motion
driven by a sinusoidal trajectory with the parameters shown
in Table IV. The parameters of the reference trajectory were
selected in order to make the system exceed the maximum
energy in order to demonstrate the control action.

TABLE IV
MOTION AND ENERGY PARAMETERS OF THE FREE MOTION EXPERIMENT
Parameter Value
Amplitude of the trajectory reference A 0.92 rad
Frequency of the trajectory reference ® 0.32Hz
Maximum energy value imposed €payx 081J

In this case, apart from the gravitational potential energy
that is very small due to the light weight link, the elastic
potential energy is also close to zero since the deflection of
the spring is minimum during the free motion due to the
high  stiffness-link  inertia ratio (K, =190Nm-rad";

J, =49810°kg-m’). Therefore the overall

determined by the kinetic energy. Fig.10a shows the energy
components of the joint.

energy is
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Fig. 10 Free motion case: a) Energy components b) Trajectory
modification



As expected the overall energy is very close to the kinetic
energy. In Fig. 10b it can be seen how the link velocity
trajectory is limited in order to constrain the total energy of
the system within the maximum set value. As the trajectory
velocity exceeds 1.5 rad/s the control adjusts the reference in
order to limit the total energy. As the trajectory velocity
becomes smaller than the 1.5 rad/s threshold the reference
velocity trajectory is tracked again.

V. CONCLUSIONS AND FUTURE WORK

In this paper a safe-oriented strategy to control a SEA
system was presented. By combing the series elastic
mechanical design and the energy regulation control a
strategy to face the problem of the safety during the first
instants of the impact, (i.e. the problem occurring in rigid
torque-controlled robots) is proposed. The specific case
presented here can be extended to a generic elastic joint as
well as to multi-DOF systems.

The technique presented constrains the energy stored
into the robotic link to a maximum value that can be derived
by a safety criterion. The proposed control scheme is a
position based controller that adjusts the trajectory reference
position as a function of the desired maximum energy value
using the states of the system. The overall system was
experimentally evaluated using a prototype SEA unit.

Future developments will include the implementation of
this concept in a robotic arm. The manipulator on which this
method will be tested has to be designed following safe-
oriented criteria (e.g. soft and lightweight): this will allow
lower amounts of energy storage which would be well
below the maximum energy threshold during the execution
of normal operations. In such a case, performance will not
be limited. The arm described will be then used to validate
thoroughly the system safety level. Further work will be
done on the frequency-domain characterization and the
stability analysis of the energy based safe control.
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