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Magnetorheological-Actuators: An Enabling
Technology for Fast, Safe, and Practical
Collaborative Robots

Alexandre St-Jean"”, Francis Dorval

Abstract—Collaborative robots are more and more used in ap-
plications requiring robots and humans to work in proximity or
direct contact. However, conventional collaborative robots powered
by servo-geared actuators are intrinsically dangerous due to their
high reflected inertia. Recent studies have shown that low inertia
and high bandwidth (> 30 Hz) magnetorheological (MR) actuators
have the potential to improve the safety of collaborative robots
without reducing their force and speed capabilities. The main
contribution of this article is to provide a quantitative assessment
of how MR actuators can contribute to reducing the impact forces
with humans, and thus increase the safety of collaborative robots.
Dynamic models, validated with simplified 1 degrees-of-freedom
(experiments, show that the safety level of collaborative robots can
be increased by a factor up to 3 only by changing the conventional
servo-geared actuator architectures for MR actuators with no other
changes. The article also presents a simple, reliable, and fast colli-
sion detection method based on joint angular velocity band-pass
filtering, a method exploiting the unique low inertia and clean
dynamics properties of MR actuators. Finally, an experimental
comparison of representative collaborative robots demonstrates an
impact force reduction of 10 times using MR actuators, fast collision
detection, and passive foam padding.

Index Terms—Collaborative robots, collision detection, magnet-
orheological (MR) clutch, robot architectures, robot safety.

1. INTRODUCTION

VER the past decades, industrial robots have become the
O standard on assembly lines in many industrial sectors with
their ability to travel at very high speeds (e.g., up to 3 m/s at
the end-effector) while maintaining a high positioning accuracy
(e.g., <1 mm). Such manipulators can perform dangerous and
repetitive tasks better than humans such as welding, machining,
and positioning heavy components on assembly lines. However,
industrial robots are massive and nonbackdriveable resulting in
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lethal risks in the event of unwanted contact with humans. As
a result, industrial robots must be placed in safe zones such as
metallic cages to guarantee safety [1].

Recently, labor shortage drove the development and commer-
cialization of easy-to-use collaborative robots that can work
alongside human coworkers in a multitude of new industries
while being human-safe. The versatility of collaborative robotics
will allow robots to do more nontraditional tasks while being
close to people. They will also reduce the risk of work accidents,
increase the flexibility of robotic stations, and help reduce the
cost per part of low-volume production [2], [3].

The mechanical design of collaborative robots must be in-
trinsically safe to effectively perform tasks close to humans,
[4], [5]. The vast majority of today’s collaborative robots use
electromagnetic motors coupled to high-reduction gearboxes in
a one-per-joint architecture. These designs impose performance
tradeoffs to remain safe due to the high reflected inertia of dc mo-
tors resulting from the high reduction gearboxes. Indeed, today’s
collaborative robots must be slowed down, have limited force
outputs, and use serial elastic components to absorb collision
energy and remain safe [6], [7], [8], [9]. As aresult, collaborative
robots are slower, less powerful, less precise, and more sensitive
to disturbances than traditional industrial robots.

Another aspect of safe human-robot collaboration is the fast
and reliable detection of collisions. Cameras, laser scanners, and
instrumented robot skins can be used to detect the proximity
or contact between a human and a robot, but these techniques
require heavy calculations and complex hardware, resulting in
poor real-time performance, low reliability, and increased costs
[10], [11]. An alternative to sensorial feedback is model-based
collision detection schemes, such as external torque observers
that can detect collisions by comparing commanded to expected
torque [12]. However, model-based approaches are highly de-
pendent on the precision of the dynamic model which is chal-
lenging for servo-geared motors due to nonlinear phenomena
such as friction, transmission elasticity, and backlash [13], [14].
Yet another alternative is the use of costly instrumentation such
as joint torque sensors at each joint, again at the sacrifice of
costs, weight, and reliability.

In addition to the ability to detect collisions reliably and
rapidly, a proper postimpact reaction strategy is needed to mini-
mize damage to humans and robots. Different reaction strategies
or reflex motions, such as gravity compensation or reflex torque,
have been implemented in collaborative robots [14] and exhibit

1941-0468 © 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

IEEE Transactions on Robotics (T-RO) paper, presented at ICRA 2024, Yokohama, Japan. Cite as T-RO paper.

Authorized licensed use limited to: Universite De Sherbrooke. Downloaded on March 04,2024 at 15:44:58 UTC from IEEE Xplore. Restrictions apply.



1262

acceptable force reduction at low speeds (i.e., < 1 m/s). The
main limitation for faster reaction rates when using reactive
strategies is the low actuator force bandwidth caused by the high
inertia from the high transmission ratio found in conventional
servomotor and gearbox actuators.

Regardless of their collision mitigation strategy, current col-
laborative robots must demonstrate that contact forces always
remain within the guidelines exposed in ISO/TS 15066 [15].
Consequently, the widespread adoption of collaborative robot
systems is impeded by actuation technology limitations prevent-
ing operation at human-like speeds while being safe.

Recent research suggests that actuators based on magne-
torheological (MR) fluid could be less sensitive to the per-
formance/safety tradeoff impeding collaborative robotics [16].
These actuators transmit torque through a rotary clutch filled
with magnetorheological fluid. The fluid’s viscosity, and thus
transmitted shear stresses, can be varied as a function of the
magnetic field passing through it. Having a fluid layer signif-
icantly reduces the perceived inertia by detaching the inertia
of the highly geared dc motor driving the clutch from the
actuator output. Output inertia is significantly reduced by one
to two orders of magnitude resulting in increased bandwidth
and transparency [17], [18], [19], [20], [21], [22]. By removing
undesirable inertial loads, MR actuators allow better dynamic
performances (i.e., speed, power, strength, and precision) while
being intrinsically safer by storing little kinetic energy and
momentum in fast-stop scenarios such as collisions [23]. These
advantages can be magnified by the use of a proper transmission
system to further reduce the inertia of the arm, such as tendons
[17] or leader/follower hydrostatic systems [20]. MR actua-
tors also avoid direct mechanical contact between transmission
components in emergency stop situations, thanks to the fluid
interface, thus limiting loads leading to actuator failures or long
mechanical clamping in human-robot collisions.

Even if actuator architecture (i.e., the mechanical design of
the actuators and transmission) is crucial in determining the
safety level of human-robot operations [5], [7], [24], limited
literature exists on the topic. This article studies the potential
of MR actuators for collaborative robot systems by providing a
detailed and experimentally validated analysis of the effect of
robot actuator technology and robot topology on impact force
in collisions between robots and humans. The low inertia of
MR actuators, their high force bandwidth, and clean dynamics
(e.g., no discontinuous, complex friction phenomenon, and no
backlash) allow to revisit the three main components of a safe
interaction between robots and humans cited previously, that is

1) an intrinsically safer actuator architecture design to re-

duce impact force in inevitable contact situations;

2) asimple, model-less, reliable and fast collision detection;

3) afast postimpact reaction.

The rest of this article is organized as follows. Section II
presents a reduced-order analytical model along with an experi-
mental comparison of MR actuators to traditional collaborative
robot actuator architectures in terms of expected collision forces.
Section III presents a sensorless and model-less, collision de-
tection scheme exploiting the clean dynamics of MR actuators
and leading to a simple and robust collision detection approach.
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Fig.1. Impact model and actuator architectures schematics (single joint versus
delocalized actuators).

Section IV presents an experimental comparison of the collision
performance of a 3 degrees-of-freedom (DOF) collaborative
robot powered with MR actuators and a universal robot URS
collaborative robot powered with conventional actuators. The
comparison is made in a representative work environment and
includes scenarios where collisions are made with and without
foam padding. In Section V, an attempt is made to push the
available hardware to its physical limits. Finally, Section VI
concludes this article.

II. INTRINSIC IMPACT FORCE REDUCTION
A. Impact Model and Architecture Comparison

A generic 2 DOF model of a robotic manipulator impacting
a clamped human is developed to compare the resultant impact
forces produced by relevant robot actuator architectures. The
clamped (or constrained) collision, see Fig. 1, is selected because
it represents a major portion of injuries occurring between
humans and robots [25], [26]. The human portion of the model is
represented by a mass-spring model with mass m y and stiffness
k iy extracted from ISO/TS 15066 [15], instrumented with a force
sensor. The mass-spring is set to represent a human hand (0.6 kg
and 75 N/mm, respectively) as it is the most stringent condition
of ISO/TS 15066 for a clamped impact (the hand condition is
used everywhere in this article).

Actuator mass and inertia of architectures of interest are
used to evaluate impact forces for given end-effector speeds
and joint angle configurations. To do so, the reflected effective
mass of the manipulator at the end-effector from the actuator
inertia m4 and from the link masses and inertia m, along with
collision direction is evaluated by reporting the kinematics of
each component at the end-effector [27]

— =uTJ(q)M a(q) ' T  (q)u (1
ma

1
— =uTJ(@M_r(q) I (q)u 2)
mr,
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Fig. 2. 1-D collision model when masses are (a) preimpact, (b) at the instant
of impact, and (c) postimpact where maximal force is reached.

where ¢ is the angular joint position vector, u# the contact
direction, J the Jacobian matrix, M 4 the manipulator actuator
inertia matrix, and M r, the manipulator links and structure inertia
matrix.

Then, the contact is evaluated as a one-dimensional (1-D)
collision in the contact direction with the initial robot velocity
T4 = ¥, see Fig. 2. The transmission between the actuator and
the link is modeled with a spring of stiffness k7. The assumptions
that the robot’s and human’s masses stay together, and that
kinetic energy is entirely absorbed in the spring compression
x 7 represent the worst possible case for maximal impact force
as presented in ISO/TS 15066. It shall be seen as the safest
evaluation of potential damage that can occur to humans.

Rigid bodies conservation of momentum p during collision
is used to determine postimpact velocity &y of the combined
robot link equivalent mass and human body part’s mass in the
contact direction

p=mpty = (my+my)ig 3)

. mr .
T = (mL +mH> Zr,. 4)

Postimpact velocity allows to calculate the maximum com-
pression of the spring representing the human, and thus the
maximum collision force. This conservative scenario assumes
that the kinetic energy of the masses at the moment of the impact
E'x is completely converted to potential energy of the spring Eg
at maximum deflection (i.e., no kinetic energy and no potential
energy is stored in m 4 and k7 when the maximal force occurs)

1 ) 1 .
Ex = §(mL +my)iy + imszA @)
1 2

The force F iy produced by the spring compression is evaluated
knowing the compression and stiffness of the spring [15]

FH,max = kaH,max- (7)

By combining (4)—(7), it is possible to express the maximal
contact force as a function of the human stiffness, human mass,
the equivalent masses of the robot, and robot cartesian velocity
in contact direction

m?2
FH,max =aa4/kH ( L + mA)~ (8)
myr, +mpg

The performance of various actuator architectures during
collision is compared based on a speed ratio. The speed ratio
is the ratio of the end-effector speed producing the same max-
imum contact force as a reference configuration. The reference
configuration is taken as a 50:1 harmonic gearbox coupled to
a dc motor since this is an actuator architecture similar to the
popular URS. The speed ratio relationship is found by setting
the same impact force

Fg1=Frp ©)]

. m?
xA,l\/kH (L + mA,l)
mr +mpg

2
=Za24/kn (L + mA,z) (10)
mr +mpg
. 2
speedratio = Tal _ mg +maa(m + mH). (11)
Ea2 m7 +ma(mp +mg)

Note that the speed ratio has a force ratio counterpart but, in
this case, at the same impact speed. A speed ratio of “X” at the
same impact force implies a force ratio of “1/X” at the same
impact speed.

It is well known that introducing transmission compliance
between the actuator and the robot links (e.g., with serial-elastic
actuators) helps reduce collision force by distributing the impact
over time [9]. The speed ratio presented in (11) offers a simple,
yet conservative way of comparing two robot architectures be-
cause the effect of transmission compliance in force distribution
over time is not accounted for. To quantify this effect, the
dynamic equations of the three masses of the model presented
in Fig. 2 [see (12)—(14)] can be solved numerically with the
same masses used to simulate maximal force with representative
actuator stiffness. The contact stiffness between my and myg
is modeled as a stiff spring k¢ (10x kg) that can only apply
compressive forces. The speed ratio can then be evaluated with
the inverse ratio of the maximal forces as calculated with (7)

mpig = kc(xp —vu) — kpry (12)
mLiL:kT(mA—xL)—kc(a;L—a:H) (13)
MATA = —k;T(J:A—xL). (14)

Simulation results of the impact of the 2 DOF robot of Fig. 1
with two 110 N-m joint torque capacity are presented in Table I
using 1) the numerical simulation of (12)—(14) (labeled SIMU-
LATION), and 2) the simple evaluation of the speed ratio of (11)
based on the human spring elastic energy (labeled ENERGY).

Actuator masses and inertias (model inputs) come from
torque-to-weight and torque-to-inertia correlations extracted
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TABLE I
SPEED RATIO OF MOST COMMON ACTUATOR ARCHITECTURES FOR A 2-DOF
ROBOT WITH 110 NM PER JOINT

Performance metrics
. Actuators mass
Architecture Rank | Speed Speed Jke]
(Sim) | ratio (Sim) ratio (Increase from
(Energy) .
ref)
(A) MR Delogallzed Wl‘lh .1 11 ] 230 255 189 (3.6
Hydrostatic transmission
(B) MR Delocalized with 1:1 P 216 274 183 (34
Tendons
(C) MR Delocalized with 6:1 3 206 209 83 (1.6%)
Tendons
D) MR Delocalized with 6:1
Hydrostatic transmission / i iy 89 (1.7
(E) MR At_Jo_lnl with 1:1 Direct 5 1.86 224 20.8 (3.95)
transmission
(F) MR At joint with 6:1 6 150 1.79 86 (1.6%)
Planetary gearbox
(G)DC Delocal!zedlmlth 1:1 3 206 214 50.7 (9.6x)
Tendons transmission
(H)DC Delocalized with 50:1
Tendons and Planetary 8 1.43 1.10 7.1 (1.3x)
gearbox
(I) DC Delocalized with 160:1
Tendons and Planetary 9 1.02 5.8 (1.1x)
gearbox
(J) DC At joint with 50:1
Harmonic gearbox 10 1.00 1.00 5.3 (Ix)
(REFERENCE)
(K)DC At joint with 50:1 11 0.98 0.98 6.9 (1.3%)
Planetary gearbox
(L) DC At ngnt with 160:1 12 40 0.8%)
Harmonic gearbox
(M)DC At joint with 160:1
Planetary gearbox 3 36 ()

from a large database of more than 400 commercially available
actuation components including dc motors (e.g., Frameless Koll-
morgen, brushless Maxon, 0.5 to 11.1 N-m), planetary gearboxes
(e.g., Maxon gearhead, 12:1 to 756:1 ratio, 3 to 120 N-m out-
put), and harmonic gearboxes (e.g., HarmonicDrive HFUS/HPG
series, 30:1 to 160:1 ratio, 6.8 to 216 N-m output) and MR
clutches (e.g., existing designs, 0.4 to 75 N-m output). The
actuator components are scaled using scaling laws presented in
[28]. Actuator architecture’s masses and inertias are estimated
by combining the adequate components for a given joint design.
For example, the “dc At joint with 50:1 Planetary gearbox
transmission” configuration includes the sum of the masses and
inertias for a 110 N-m output planetary gearbox and a brushless
dc motor of 2.2 N-m located at the joints. Robot links masses and
inertias are modeled as aluminum cylinders (75 mm diameter,
400 mm long, 3 mm thick) similar to collaborative robots of 5 kg
nominal payload.

Results in Table I are sorted by configuration group, and then
by speed ratio within their group (evaluated with the dynamic
simulation method). Respectively, the architecture groups are
MR with delocalized actuators (A to D), MR with actuators at
the joints (E to F), dc with delocalized actuators (G to I), and dc
with actuators at the joints (J to M). Delocalized architectures
are designs where all actuators are located in the base of the
robot and the joints are remotely actuated by a low inertia
transmission, thus reducing the mobile mass. In contrast, “At
joint” architectures have actuators directly located at the joints.
Table I also presents the total mass of the complete actuation
system for each scenario.
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Simulation results predict that architectures with MR actu-
ators have higher speed ratios (i.e., 1.5 to 2.7) than conven-
tional harmonic geared architectures (i.e., 0.7 to 1.0). For “at
joint” MR configuration, significant mass reduction of these MR
architectures can be realized with a lightly geared transmission
after the MR clutch output with a small effect on speed ratio
(e.g., 6:1 MR architecture).

It is also possible to observe in Table I that the delocalized dc
motor with direct (i.e., 1:1) tendons transmission (Architecture
G) has a good speed ratio of 2.1. However, even for a 2 DOF
robot, this architecture results in a heavy robot with 50.7 kg
of actuator mass. This will lead to an unpractical payload-to-
mass ratio that can be prohibitive in many applications such as
manipulators on mobile bases and field robotics where weight
reduction is crucial.

It can also be observed that the delocalization of dc actuators
with a high gearbox ratio only gives marginal gains with the
energy-based model compared to the architecture with the same
actuators located at joints because the reflected inertia of the
actuators is dominant in determining the impact force. However,
these delocalized dc configurations perform slightly better when
considering the compliant cable transmission.

Finally, for a given reduction ratio, architectures composed
of planetary and harmonic gearboxes have different speed ratios
because of the slight difference in the inertia of the gearbox
[28]. In practice, harmonic gearboxes are often preferred for
other considerations, like their low backlash and lower mass.
However, in both types of gearboxes, the higher reduction ratio
is detrimental to safety because of the increased reflected inertia.

The speed ratio is defined here as the performance metric
to allow simple comparisons between robot architectures solely
based on maximal impact force estimation from robot inertial
parameters (as suggested in ISO/TS 15066), which dominates
safety [29], without consideration of the potential injuries that
could result from impacts. This metric is used, as opposed to
collision metrics from the automotive industry [e.g., head injury
criterion (HIC)] since they are irrelevant in a clamped impact
scenario because the impacted human body parts cannot move
significantly, and thus cannot gain high velocity or acceleration.
Furthermore, as demonstrated in [25], even for unconstrained
impact with heavy industrial robots, metrics from the automotive
industry based on high accelerations and velocities like the
HIC are not appropriate to measure injuries in human-robot
interaction.

B. Experimental Validation on a Single Actuator

An experimental 1 DOF test bench is built with similar mass
and inertia found on commercial collaborative robot arms (e.g.,
URS arm without actuators, equivalent mass of 2.0 kg and 3.7E-
2 kg-m? about pivot axis) to verify simulation results, see Figs. 3
and 4. The arm is driven by two different actuator technologies:
1) an ElectroCraft RP34-112 brushless dc motor (1.2 N-m at
4800 r/min) geared with an Applied Motion 34VL050 50:1 plan-
etary gearbox with an equivalent rotational stiffness estimated
at 2 kNm/rad (limited by the 12 mm arm shaft); and 2) the
same ElectroCraft RP34-112 brushless dc motor geared with a
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Fig.3. Schematic of (a) dc motor and planetary gearbox, and (b) MR actuator
and tendons transmission architecture of 1 DOF test bench.
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Fig. 4. Experimental 1 DOF impact test bench of (a) dc motor and planetary
gearbox, and (b) MR actuator and tendons transmission.

25:1 gearbox and belts transmission connected to two custom
antagonist 30 N-m MR clutches. Torque from the clutches is
delivered to the arm through a 6 mm Dyneema SK75 2:1 cable
transmission with an equivalent rotational stiffness estimated
at 10 kNm/rad (limited by the cable). Both actuator systems
are sized to develop a torque of 60 N-m at the joint with an
angular velocity of 10 rad/s, corresponding to a 3 m/s tip speed.
However, the output inertia of the conventional actuator is larger
(3.04E-1 kg:m?) by two orders of magnitude than the output
inertia of the MR actuator (2.34E-3 kg-m?).

o =—=MR + 2:1 cable transmission
300+ =—DC + 50:1 planetary gearbox | |
== MR (Simulation)

.......... DC (Simulation)

0 001 002 003 004 005 006 007 008 009 0.1
Time [s]

Fig.5. Comparison of experimental impact force profile.

The experimental setup is equipped with two uniaxial force
sensors, one at the tip of the arm and one under the mass-spring
representing a human (0.6 kg and 75 N/mm respectively) to
measure contact forces according to the ISO/TS 15066 [15]. The
arm is also equipped with a /= 50 g single-axis accelerometer
(PCB Piezotronics 352C68) to detect contact and a 5000 pulses
per revolution optical encoder at the joint for motion control and
monitoring.

Experiments consist of taking the arm to an initial vertical
position and then accelerating it to a tip speed of 2.5 m/s before
contacting the human model. An impact detection strategy uses
an acceleration threshold of 30 g at the impact point to trigger a
reflex motion to return to a last known safe, preimpact position,
here defined as the end-effector position 50 ms before contact.
This position is selected here as a known safe target position
for the sake of simplicity, but in a complete robot collision, this
choice can lead to a possible secondary impact. The choice of
position target should be taken by a higher level controller with
environment constraints accounted for.

Contact force versus time signatures of both actuator tech-
nologies are shown in Fig. 5, along with simulated results using
(12)—(14). Results show that MR actuators lead to a significant
reduction in contact time and peak impact force. The predicted
speed ratio between the two architectures is 1.59 (MR versus
dc-planetary), whereas a speed ratio of 1.63 is measured ex-
perimentally from the inverse of the ratio of maximal impact
forces. The experimental setup actuator equivalent masses and
stiffness at the impact point are m; = 0.45 kg (same for both
actuators), my pc = 2.9 kg, kr,pc = 19 kN/m, ms yr =
0.026 kg, k7 mr = 110 kN/m.

The small differences in time distribution of the impact are
explained by unmodeled phenomena such as distributed mass
and compliance resonance inside the actuator, link pivot friction,
and backlash for the geared dc actuator. One can see in Fig. 5 by
analyzing the force versus time plot that the initial portion of the
impact is similar for both actuators since it is dominated by the
link inertia. However, after the initial contact phase (0-20 ms),
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Fig.6. MR robot Asimov with delocalized actuators and tendons transmission.

the larger inertia of the dc actuator continues to compress the
transmission spring and produces a longer collision. The peak
impact force reached near 30 ms is thus mainly driven by the
actuator inertia. This explains why the MR actuator does not
have a secondary impact phase, since the actuator inertia is an
order of magnitude smaller than the link inertia and does not
compress the transmission significantly to apply a significant
force on the link.

The multimodal force plot of Fig. 5 highlights that for robot
actuators with distributed stiffness (e.g., 20 kNm/rad) and inertia
similar to actual collaborative robot actuators, not only the
initial impact should be considered in a safety analysis, but the
complete dynamic parts. Secondary impacts in clamped scenario
caused by a particular combination of transmission stiffness and
inertia can produce larger forces than the initial impact typically
considered in unconstrained free collisions.

C. Experimental Validation on Representative Robots

Model predictions for impact force and speed ratio are now
verified by comparing the industry standard 6 DOF Universal
Robot URS5 with a 3 DOF collaborative robot powered by MR
actuators called Asimov (see Fig. 6). Asimov uses a single dc
motor driving three pairs of antagonist MR clutches delivering
torque to the three joints. All actuation components are delo-
calized in the base. Cable transmissions are used to route 27,
56, and 26 N-m torques to the base, shoulder, and elbow joints
with post-clutch ratios of 4.2:1, 8.6:1, and 4:1, respectively. This
architecture is similar to Architecture C presented in Table I. The
robot’s 0.9 m reach and 5 kg nominal payload were chosen to
match the URS. However, its nominal maximum effector speed
is 4 m/s.

The same mass-spring human model as in the 1 DOF exper-
iments is used at the point of impact of the collisions. The two
robots are commanded with similar trajectories to reach a given
end-effector speed at the point of impact. Note that the URS is
limited to 0.88 m/s since higher impact speeds would be unsafe
and would damage the joints.

Fig. 7 presents the angular configuration of the two robots at
impact. The paths are designed to have a vertical impact in one
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Fig. 7. Configuration at impact for (a) Asimov MR robot, and (b) Universal
Robot URS.
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Fig. 8. Measured and predicted maximum impact force as a function of end-
effector impact speed for Asimov and URS (see Fig. 15 no foam, for Asimov
1 m/s and URS5 0.88 m/s temporal plots of impact force).

plane, caused by a movement of the second and third joint only,
as in the 2 DOF model of Fig. 1. This configuration was chosen
as a representative position for a wide range of applications,
such as a robot and an operator cooperating on the same table
in a way that a robot picking up a component on the table could
impact the operator’s hand.

Fig. 8 shows impact force predictions for the Asimov and
URS robots compared to experimental measurements. It can be
observed that measurements correlate well with the prediction
of the 1-D model of Section II-A (R? psimov = 0.924, R?yrs =
0.925). The measured peak forces lead to a mean speed ratio of
3.81 between the two configurations, which is also very close to
the model prediction of 3.85. The simulation equivalent masses
and stiffness at the impact point for both robots are my, yr =
1.42 kg, mA ,UR = 11.1 kg, kT,UR =130 kN/m, mr,, Asimov —
1.13 kg, mA, Asimov = 0.044 kg, k7 Asimov = 7.5 KN/m. As
demonstrated with the 1-DOF experiments, high transmission
compliance does not contribute to significantly reducing the
MR-actuated robot impact force, since the impact dynamic is
highly dominated by structural inertia. Indeed, the energy-based
model of (8) predicts an impact force of 242 N (951 N for
the URS), while the simulation using a compliant transmission
predicts a force of 213 N (821 N for the URS).
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speed for alternative robotic architectures of (a) 3 DOF (without wrist), and
(b) 6 DOF (with wrist).

This comparison validates the model fidelity, and it can now
be used to evaluate the safety level of robot architectures with
high confidence. Since a direct comparison of Asimov and URS
is unfair because of the different numbers of DOF. The next
section presents a fair analysis, based on impact force model
predictions and experimental data.

D. Model Predictions for Relevant Robot Architectures

Two design alternatives are considered, each for a 3 DOF and
a 6 DOF configuration. These alternatives are used to highlights
the effects of delocalization and actuation technology on safety.

1) The first one, MRS, is a robot with the same mechanical
structure as URS but using MR actuators located at each
joint.

2) The second one, delocalized dc, is a robot with the same
lightweight mechanical structure as Asimov, but with URS
actuators delocalized at the base of the robot.

The difference between the 3 and 6 DOF configurations is
accounted for by adding or subtracting the URS wrist containing
the 3 distal DOF as a point mass of 3.9 kg at the effector.
Simulations from the 2 DOF model of the URS5 show that, when
the wrist’s mass is removed from URS (from 6 DOF to 3 DOF),
contact forces are reduced by 15%, and when the wrist mass is
added to Asimov (from 3 DOF to 6 DOF in a semi-delocalized
way as in [30]), forces are augmented by 59%. Results are shown
in Fig. 9 and derived speed ratios are listed in Table II. It can be
concluded that:

1) Comparing the URS versus delocalized dc results shows
that, regardless of the number of DOF, when using con-
ventional actuators, actuator delocalization has limited
benefits on safety. This reveals that actuator inertia is a
more important design parameter than distributed mass

TABLE II
SPEED RATIO OF ALTERNATIVE ROBOTIC ARCHITECTURES

Architecture
(6 DOF)

Architecture
(3 DOF)

Speed
ratio

Speed
ratio

Delocalized MR (Asimov) 3.2 Delocalized MR (Asimov) 2.3

MRS 2.7 MRS 1.6
Delocalized DC 1.2 Delocalized DC 1.1
URS (Reference) 1.0 URS (Reference) 1.0

for collaborative robots and must inevitably be minimized

to gain significant safety benefits.

2) Results from 3 and 6 DOF URS and MRS show that the
benefits of using low inertia actuators are greater at low
DOF since adding distal DOFs adds highly penalizing
distal mass that is detrimental to the low inertia actuator’s
benefits.

3) When compared to the 6 DOF URS5 industry standard:

a) a 6 DOF robot using nondelocalized, low inertia ac-
tuators like MRS has a safety improvement of 1.6X
(speed or force ratio);

b) a 6 DOF robot using delocalized, low inertia actuators
like Asimov has a safety improvement of 2.3X (speed
or force ratio);

III. BAND-PASS FILTERING FOR SIMPLE COLLISION
DETECTION

In addition to actuator architecture, the second necessary
component of a safe interaction between robots and humans
is a rapid, reliable, and simple contact detection method. Fail-
ure to achieve quick detection due to improper modeling with
model-based collision detection methods, or due to a high level
of complexity and lack of real-time performance when using
vision algorithms or complex arrays of sensors, can compromise
safety. To solve this problem, a simple and cost-effective colli-
sion detection method using only proprioceptive sensors already
present on the robot (i.e., joint encoders) is implemented and
tested on the Asimov MR actuator robot. The proposed method is
similar to paper [31], without the need of computing in real-time
an approximate dynamic model of the manipulator.

For an external disturbance force F..; at the end-effector, the
change in angular momentum H is as follows:

timpacl timpacl
AH = / J(q)" Fegedt = / Tewtdt (15
to t

o

where 1, is the time at which the impact begins, #iypact is the
time at which the impact ends, and Text is the vector of joint
external torques resulting from the impact.

Assuming the position of the robot is almost constant during
the impact, thus producing no significant changes in the ma-
nipulator inertia matrix, the variation of momentum can also be
written as a function of the change of angular velocities

AH = M(q)Aq. (16)
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And by combining (15) and (16), we obtain the following:

timpam
Ag = M(q)_l/ Teowtdl. 17)
to

From (17), we can observe that it is challenging to use in-
formation from joint encoders to infer robot link dynamics and
detect undesirable contacts when the inertia matrix is highly
dominated by the contribution of the actuator, like with con-
ventional servo-geared actuators. Indeed, the total inertia of the
system is so high that collision forces only produce insignificant
changes in angular velocities. In contrast, with MR actuators,
total system inertia is at least one order of magnitude lower
compared to a robot with a conventional stiff transmission, and
collision forces can readily be detected since they will cause fast
and large changes in angular velocities.

Generally, desirable robot movements stay within the range
of 0 to 5 Hz with possible vibrations at higher frequencies. When
an impact occurs, the mechanical structure of the robot is excited
over a wide range of frequencies. However, the amplitudes of
the resulting vibrations over 150 Hz are significantly attenuated,
and the information collected by position sensors (e.g., encoders)
over that threshold can be considered as noise (e.g., from elec-
tronics or signal processing). Therefore, the frequency content of
the joint’s angular velocities during impacts has content at high
frequencies that are not present during the natural motion of the
robot. The frequencies during normal operation are bounded by
the torque bandwidth of the MR actuators (<30 Hz). It is then
possible to use a bandpass filter on angular velocity signals to
eliminate normal variations caused by the desired motion of the
arm at low frequencies as well as high-frequency random noise
to only keep the frequency content due to collisions. Spectral
energy due to collision is isolated using a bandpass filter with
high-pass and low-pass cutoff frequencies, respectively, of 30 Hz
(1st order) and 150 Hz (1st order) as shown in Fig. 10. Each
element of the filtered angular velocity vector is then compared
to a normal variation threshold for a trajectory without collision.
A signal exceeding this threshold for any joint triggers the
detection signal.

Using a filtering detection algorithm offers two major advan-
tages for MR-actuated robots.

1) It allows to detect when the robot is colliding with a
human or an object, in any controllable direction of the
robot, without the addition of expensive external sensors
(i.e., joints torque sensors, accelerometers or instrumented
skins).
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2) It avoids the difficulties of model-based contact detection
methods such as the need for computationally intensive
nonlinear models, the choice of the controller and the
double differentiation of encoders to estimate angular
acceleration.

The latter is almost always too noisy in practice to be observed
without filtering out the frequencies of interest in collision
situations [32].

The effectiveness of the frequency filtering detection algo-
rithm when using MR actuators is verified by using the force
sensor on the Asimov robot’s effector to detect the initial impact
to measure the algorithm’s detection delay. Fig. 11 presents the
end-effector force and the filtered angular velocity of each joint
for a collision with a nonclamped human hand at 1.5 m/s. The
nonclamped impact is used to validate the detection method in
a worst-case situation since smaller perturbations are produced
versus the clamped impact. Even with a large threshold set as
150% of the observed maximum of the normal variation mea-
sured for the same movements without collision, the detection of
the algorithm is triggered quickly, only 10 ms after the contact.

Filtering detection can only have limited success when used
with conventional manipulators due to actuators’ high inertia
that impedes sensitivity. The properties of MR-actuators over-
come these limitations and are synergistic with bandpass filter-
ing collision detection. The MR actuator’s inertia is significantly
lower than the robot links inertia and is less detrimental to
sensitivity. Also, MR actuators are antagonistic in nature and
have no backlash that could disrupt the velocity signal like an
external impact, which can result in false detections.

A possible drawback of the detection method comes from
removing the low-frequency content of the collision detection
signal that can lead to not detecting low speed contact (deliberate
or not). However, these contacts usually have a very low potential
for danger and can still be detected with low bandwidth simple
detection schemes, such as monitoring the position error.
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IV. FoAM PADDING AND REFLEX MOTION

When rigid contacts between human and robot happen, the
maximum force value occurs within 10 ms after the beginning of
the impact as seen in Fig. 5. This duration depends on the natural
frequency of the impacted body part, determined by its mass
and rigidity (hand’s characteristics represent the most stringent
case for contact duration). Even with the high bandwidth of the
MR actuators (>30 Hz) and fast impact-detection sensors or
algorithms, it is impossible to directly attenuate the initial force
peak with an active reaction [25].

The scope of the work presented in this section is not to realize
an exhaustive study on foam padding materials in robotics since
a lot of literature already exists on the subject. The objective is
to propose a major improvement in MR-actuated robot safety
by using a passive layer of foam to separate the robot from
the human to allow premature collision detection without large
forces, thus enabling the actuator to actively react before the
final rigid collision occurs. This layer of foam needs to be as
soft as possible to attenuate the peak of the impact force and
extend the duration of the impact but also to have a minimal
stiffness to produce a perturbation large enough to detect contact
before complete foam compression, thus increasing the available
reaction time before rigid impact. This layer of foam should also
be selected to minimize mechanical interference.

The selection of the foam padding can thus be framed as a
multiobjective optimization problem where the objective is to
minimize the impact force and the foam thickness. The two
variable design parameters for a given robot are the foam stift-
ness (kr) and uncompressed thickness (/). Using the compliant
transmission model of Fig. 2 but adding a mass-less spring for the
foam padding (see Fig. 12), it is possible to write the dynamic
equations of motion for the human mass (mp), the link mass
(mp) and the actuator mass (m4) including the foam padding
and reaction force Fr, [see (18)—(20)]. The foam and human
springs can only apply compressive forces.
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Fig. 13.  Foam selection Pareto fronts for 1 DOF MR actuator at an impact

speed of 1, 2, and 3 m/s.

The bandpass collision detection method is implemented on
the link velocity &, to trigger the reaction force applied on
the actuator mass to retract from contact. The rise time of the
reaction force is representative of the actuator bandwidth (i.e.,
not instantaneous). Complete foam compression is modeled by
rapidly increasing kr when the foam compression (z;, — )
approaches the uncompressed foam thickness 7

muipg =kr(vr —2n) — kaxw (18)
mLﬁéL:kT(xA—xL)—kF(xL—xH) (19)
mada= —kr(xa —xr) — Fra. (20)

This model can then be used in dynamic simulations with dif-
ferent impact speeds (£1,0 = £4,0 = Vimpact,0 aNd T o = 0)
to evaluate the maximal impact force on human (Fg max =
max(kgxy)) for a given set of foam design parameters
(kp, lr). The search of the optimal foam design parameters is
performed using a multiobjective genetic algorithm (population
of 200 design parameter sets, with 400 generations). The lower
and upper bounds for the design parameters are 1) 50 N-m <
krp < 5000 N-m and 2) 3.2 mm < [rp < 76.2 mm to cover a
wide range of stiffness and to represent foam thickness that
could realistically be installed on a robot without mechanical
interferences.

The two configuration of the 1 DOF test bench are used
to compare the foam selection method for two representative
actuators. The Pareto fronts that illustrate tradeoffs between
force reduction and foam thickness for impacts at 1, 2, and
3 m/s are shown in Fig. 13 for the MR actuator and Fig. 14
for the dc actuator. The data points on the Pareto fronts are
colored according to the optimal stiffness for a given foam layer
thickness. Some general conclusions can be drawn from the
following results:

1) A minimal thickness is needed to detect and react in a way
that reduces the impact force before full compression. This
thickness increases with the impact speed.

2) Important force reduction can be done once that minimal
thickness is reached with little increase in foam thickness.
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of 1,2, and 3 m/s.

3) The slope of the Pareto fronts over a given thickness
reduces considerably (e.g., in the range of 30-40 mm
for the MR actuator). It means that adding thicker soft
foam would not produce any considerable impact force
reduction.

4) The Pareto fronts of the dc actuators show that the thick-
ness of the foam layer must be significantly higher to start
having benefits. For an impact of 3 m/s, the data points on
the Pareto front exceeds the upper bound of foam thickness
that was set as prohibitive (76 mm).

Ultimately, the selection of the foam padding is a tradeoff
between the reduction of impact force and foam thickness that
depends on the robot’s task requirements (e.g., robot speed and
mechanical interference). In that sense, the Pareto fronts provide
useful information to robot designers to select an optimal foam.
From a practical point of view, the foam strategy is difficult, if not
impossible, to implement in robots using conventional actuators
with high reflected inertia simply because the required thickness
to get meaningful improvements in reaction time is prohibitive.

Experimentations on representative robots can be carried out
to validate the effectiveness of the foam padding and reaction
in reducing contact force for multi-DOF systems (Asimov and
URS robots). The collision detection method of Section III is
implemented on the Asimov robot, with a reflex motion to return
to the position recorded 50 ms before the impact. As mentioned
previously, this position is known to be safe and might be chosen
differently in a real application to avoid any secondary impact.
The main objective of the reflex motion is to show that it is
possible to react fast enough to actively reduce the impact force
with the contribution of the high torque bandwidth and the delay
provided by the early detection enabled with foam padding when
a safe post-impact position is known. As for the URS, the built-in
collision detection scheme with brake reaction is used.

Fig. 15 shows experimental results of the reduction in contact
force perceived by the human hand for impacts performed by
the Asimov and the URS robots with 25 mm thick sheets of flex-
ible polyurethane foam. Three different foam stiffnesses were
tested, soft, medium, and stiff foams with 25% compression
reached under pressures of 1.4 kPa (kr = 150 N-m) 2.8 kPa

IEEE Transactions on Robotics (T-RO) paper, presented at ICRA 2024, YOKOIEMM@R@HOQ@N%%%&%?% 2004

Asimov at impact speed of 1.00 m/s
20 : T T .

%

=3

S
T

=—=No Foam, 201.4 N Peak |
Stiff Foam, 86.7 N Peak
=——=Mid Foam, 32.6 N Peak
Soft Foam, 98.8 N Peak |

o

=3

S
T

'

=)

S
T

()

=1

S
T

/ N —
0 001 002 003 004 005 006 007 008 009 0.1
Time [s]

URS at impact speed of 0.88 m/s

o

=—=No Foam, 855.1 N Peak |7
Stiff Foam, 427.1 N Peak
=—=Mid Foam, 689.6 N Peak
Soft Foam, 711.3 N Peak ||

0 00l 002 003 004 005 006 007 008 009 0.1
Time [s]

Maximum impact force [N] Maximum impact force [N]

Fig. 15.  Effect of 1 in of foam padding on maximum impact force reduction
for (a) Asimov at 1.0 m/s and (b) URS at 0.88 m/s.

(kp = 300 N-m), and 5.5 kPa (kr = 600 N-m), respectively.
End-effector speeds at contact are set to 1.0 and 0.88 m/s for the
Asimov and URS, respectively.

Results show important benefits when using foam layers with
Asimov but not so much with the URS. Indeed, a contact force
reduction of more than 6X is observed with the medium stiffness
foam for Asimov, while a reduction of only 2X is found for the
URS with the stiff foam. Results also show that foam stiffness
must be carefully selected for a given robot, impact speed, and
impact detection strategy. For Asimov, the softer foam is too soft
to allow contact detection while the stiffer foam is too stiff to
produce many benefits. For the URS5, the two softer foams are
not able to trigger the collision detection algorithm before full
compression and the stiffest foam absorbs part of the impact,
but as limited benefits as the URS reaction speed is limited.

When looking at the best results of each robot, it is observed
that the 3 DOF Asimov has a maximum contact force 13.1X
lower than the 6 DOF URS5 while operating 1.14X faster, leading
to a total safety improvement of 14.9X (speed or force ratio).
Assuming that the 59% increase of contact force when adding
a 3 DOF wrist to Asimov holds (see Section III), the safety
improvement potential provided by MR actuators and actuator
delocalization over conventional robot actuators mounted in
serial chains is estimated to be 9.4X when using reasonable
foam padding and reflex motion (up from 2.3X without) Using
the same analysis framework, the safety improvement potential
provided by MR actuators alone on a 6 DOF robot like MRS is
estimated to 6.4X when using foam padding and reflex motion
(up from 1.6X without). In all, foam padding and reflex motion
on an MR-actuated robot have the potential to further improve
safety by a factor of ~4X compared to the same MR robot
without padding and reaction.

V. OPENING

An attempt is made to push the available hardware to its phys-
ical limits to get a sense of the full potential of delocalized MR
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and proposed integrated safety solution.

actuators with foam padding and reflex motion. The maximum
speed of the 3 DOF Asimov is thus pushed to the test bench limit
of 2.8 m/s. As shown in Fig. 16, the maximum contact force stays
within the ISO/TS 15066 threshold for transient contact on the
hand and finger (i.e., 280 N). Again, assuming that the 59%
adjustment to bring Asimov to 6 DOF holds, we can estimate
that a 6 DOF Asimov could operate safely at least at 1.75 m/s,
which is 5.8X faster than the 6 DOF URS5, considered safe when
operating at 0.3 m/s, as per the experimental data shown on
Fig. 8.

VI. CONCLUSION

This article developed an experimentally validated model of
collisions between robots and humans. This model shows that
actuator inertia, and not actuator mass or location nor structural
mass, is the dominating design parameter of current collabora-
tive robots and must inevitably be minimized to gain significant
performance and safety benefits. To this end, the low inertia MR
actuators used in this study proved highly promising.

The collision model is validated on 1 DOF single joint devices
as well as 3 and 6 DOF robots. The model is used to predict the
safety performance of various relevant robot configurations. For
6 DOF robots, the model predicts that using low inertia MR
actuators can increase safety by a factor of 1.6X over the current
industry standard URS robot, and by a factor of 2.3X when using
low inertia MR actuators and actuator delocalization.

Furthermore, the MR architecture allows the use of a fast and
simple collision detection scheme based only on proprioceptive
sensors, which was demonstrated experimentally. This detection
method allows the avoidance of costly sensing hardware for
collaborative robots, leading to a possible reduction in retail
price.

This collision detection, coupled with an increased reaction
time provided by foam padding, enables active force reduction
increasing safety improvements up to 6.4X when using low
inertia actuators only, and even further to 9.4X when using low

inertia MR actuators and actuator delocalization. It opens the
possibility of actively and intrinsically reducing the impact force
of fast human-robot collisions with no need for external sensors,
which to the authors’ knowledge, has yet to be performed with
conventional actuators.

Finally, pushing the hardware to its limits demonstrates that
a 3 DOF robot with delocalized low inertia MR actuators and
active force reduction can operate safely at 2.8 m/s while staying
within the ISO/TS 15066 safety guidelines. This would corre-
spond to a safety improvement of at least 5.8X over a URS on a
6 DOF MR robot.

Future works will develop full 6 DOF collaborative robots
using MR actuators since such equipment is not yet available
at this time. Delocalized as well as nondelocalized prototypes
should be considered to fully understand the potential of each
strategy. Such hardware will allow- to test the proposed collision
model over its full operational envelope in terms of speed and
DOFs and confirm its fidelity. Also, the collision detection
and reflex motion approach presented in this article remain a
proof-of-concept for collisions at the end-effector and should be
generalized and improved to any contact anywhere on a robot
with 6 DOF. Important features such as external force estimation
and impact location identification will be developed using the
same information from perturbation as used in the detection
signal.
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