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ABSTRACT

Collisions at high speed can severely damage robots with non-backdrivable drivetrains. Adding an overload
clutch in series can improve the robot’s collision tolerance without compromising its high dynamic performance.
This paper aims at determining the speed above which overload clutches are required in a 2-link manipulator arm.
Furthermore, the optimal clutch topology as function of the impact velocity is investigated. Thirdly, it is evaluated
if adding clutches can lower the impact force on the arm. Finally, the maximum speed is identified below which
impact-aware robot control is possible. The latter requires that none of the clutches decouple during an intentional
collision with the environment. These answers are obtained through collision simulations and experiments with a
custom build two-link arm. It was found that adding a clutch reduces the torque experienced by the drivetrain by
an order of magnitude and below the limit momentary peak torque of the strain wave gears that are used. Adding a
clutch to the elbow joint of the two-link arm was effective in protecting the shoulder as well if the impact occurred
at the tool center point. With respect to a rigid elbow joint, the clutched elbow joint reduced the collision force
at the tool by only 8%. To demonstrate that the arm is impact-aware, a box of 8 kg is approached, impacted and
pushed at 1 m/s without decoupling a clutch, nor damaging the robot’s hardware.

Introduction

Robots with non-backdrivable drivetrains may fail when colliding at high speed. Examples are humanoid robots falling

over resulting in damaged shoulder actuators [1,2] and high-speed industrial robots colliding with an obstacle [3]. A particu-
lar case where the risk for collision increases significantly are Hybrid High-Speed Cobots (HHSCs) that can switch between
high-speed (unsafe) and low-speed (collaborative) mode [4-6]. A mistake made by the human operator while in collabo-
rative mode can lead to catastrophic failure of the robot hardware during a collision after switching to high-speed mode.
Impact-aware robot control [7] is another case where the robot —now intentionally— experiences impulse loading, e.g. when
pushing a box without slowing down or when tossing an object. By operating the robot at the collision tolerance limits, there

is a high chance of critical damage to the hardware in case something goes wrong.

* Address all correspondence to this author.
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1) Speed above which clutches required?

2) Optimal clutch topology?

3) Reduction of collision forces?

4) Maximum speed for impact-aware control?

Fig. 1. A Hybrid High-Speed Cobot (HHSC) is capable of switching between high-speed and collaborative mode. It serves as use case for
a collision tolerant high-speed robot. A custom three axis HHSC equipped with series clutched actuators is shown. The research questions
are listed as well.

Robots with non-backdrivable drivetrains can be protected by adding overload clutches [1-3, 8], classifying as Series
Clutched Actuators (SCAs). In contrast to Series Elastic Actuation [9] and compliant links variants [10], they are torsionally
stiff in nominal operation, allowing for high dynamic performance. They do not have an additional motor to set the stiffness
or operate as agonist—antagonist pair as Variable Stiffness Actuators (VSA, [11,12]) do which reduces the cost of the overload
protection.

Most SCA-studies concern safe physical Human Robot Interaction (pHRI) rather than protecting the robot’s hardware
during high-speed collisions. Examples are the safe joint mechanism SJM-II [13], the Spring-Clutch [14], a friction clutch
with variable threshold [15], clutches that allow to switch between passive and active mode [16] or discrete states of compli-
ance [17] and a clutch activated by air cushions [18]. Variants exist that implement clutches in the links as well [19].

Similar modelling and experimental methods developed for pHRI can be used to study how effective SCAs are in
protecting the robot’s hardware during a high-speed collision. In [15], the collision is modelled as an external static force
to derive the optimal threshold that safeguards the operator without decoupling in nominal robot operation. This study
was extended in [20] and used to optimally adapt the robot’s design in [21]. By modelling the collision as a static force,
the complete robot and contact dynamics are neglected. While acceptable in pHRI given the lower speeds, the high-speed
collisions discussed in this paper require a dynamic collision model. Such a dynamic model is either non-smooth [22] or
continuous [23]. In the former case hard impact is assumed, primarily affecting the inertia term while in the latter model, the
robot-environment interaction is represented as a mass-spring-damper system. In [24], three levels of impact abstraction are
compared in order to predict the post-impact velocity: (a) compliant contact and flexible robot, both represented by a mass-
spring-damper, (b) hard contact and flexible robot and (c) hard contact and rigid robot, corresponding to the non-smooth
approach. In case of a KUKA LWR IV+ impacting at speeds up to 0.20 m/s, it was found that (c) already correctly predicts
the overall trend while (a) and (b) capture the higher order dynamics. Different methods to calculate the inverse inertia matrix
required for the non-smooth approach are compared in [25]. The inverse of the composite-rigid-body inertia transformed at
the contact point turned out to be the most accurate. Park et al. used mass-spring-damper models to evaluate the collision
safety of rigid service robots [26]. Haddadin et al. studied the impact decoupling properties of elastic robots as function of
joint compliance [27]. Lauzier et al. simulated the collision forces in case of a rigid, compliant and clutched actuator with
and without covering the robot’s links in soft skin [28]. They saw reductions of up to 30-45% in collision force attributed to
the clutches in combination with compliant covering.

Using these techniques, this article aims at answering the following research questions:

—

. What is the speed above which a clutch is required to avoid damage to the robot’s hardware?

2. In which joint(s) is a clutch most effective, or stated otherwise: what is the optimal clutch topology? At least a two-link
robot model is required for this purpose (in contrast to [28]).

3. Can the collision forces on the arm and/or tool be reduced if the robot is fitted with multiple clutches?
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Fig. 2. Robot simulation model showing link positions ¢ and g, as well as the environment interaction model.

4. What is the maximum operational range for impact-aware robot control? Stated otherwise: what is the maximum speed
below which none of the clutches decouple?

The answers to these questions are the main contributions of this article, validated both in collision simulations as well as
experiments with a two-link arm.

Fig. 1 shows the robot that will serve as use case. It is a HHSC with overload clutches that combine the working
principles of a standard friction and cam clutch in a single torque dense design [3]. This type of clutch has a unique relative
position to return to when de- and recoupling. Secondly, it has sufficient residual torque when decoupled to counteract the
robot’s gravity and keep it upright. To demonstrate this particular feature, the collision experiments will be executed in the
vertical plane, in contrast to e.g. [13]. A version tailored to HHSC with integrated joint torque sensing and clutch decoupling
detection was used [29]. In order to take into account delays in detecting and reacting to the collision, a realistic collision
detection algorithm such as the bandpass momentum observer [30] as well as a motor controller was implemented.

This article continues with the simulation model in Section 2 which is used to compare the impact forces and torques
depending on the clutch topology and robot speed (Section 3). These predictions are experimentally verified in Section 4.
The article is concluded in Section 5.

2 Robot and collision model

In this section a collision simulation model is presented, including a two-link clutched robot, the robot-environment
interaction model, a collision detection algorithm based on the bandpass momentum observer and the low level motor con-
troller.

2.1 Robot Model with External Load

The robot is modelled as a planar elbow manipulator with link positions q = [g;;g2], link lengths /; and I, masses m;
and my, positions of the centers of gravity /. 1 and /. » and moment of inertia at these centers of gravity /; and > as shown in
Fig. 2. The exact values are listed in Table 1. The Euler—Lagrange equations as reduced to the link side read

J(@)d+C(q,a)q+8(q) = Toc +I7 (@)&y (1

with positive definite inertia matrix J;(q) € R?*2, positive semi—definite centrifugal and coreolis terms C(q,q) € R?*? and
gravity term g(q) € R?>*!. Both axes are driven via a series clutched actuator transmitting torque To. € R>*! and can be
subject to an external collision wrench &ext = [fext; 03x1] with fex the external force assuming zero external torque. The latter
is converted to joint torque Tex; = J7 (q)&,,, via Jacobian J(q). Expressions for J;(q),C(q,q),g(q) and J(q) were derived
a.o. in [31]. The Jacobian reads:

0 0
—l15q, — 12Sq, 49, — 125,44
licg, + e be
J(q) = 1€q, 12 q+q 2 q1|+qz )
0 0

0 0



Table 1. Robot model and collision simulation parameters.

Specification/parameter Symbol | Unit Value
Link length 1 N mm 325
Link length 2 I mm 375
Mass link 1 m kg 8.7
Mass link 2 my kg 4.5
Center of gravity ley mm 152
Center of gravity Lo mm 65
Moment of inertia link 1 L kgm2 0.220
Moment of inertia link 2 L kgm? 0.062
Stiffness rigid drivetrain 2 ke Nm/rad 2 x 107
Stiffness unclutched drivetrain 1 knd,1 Nm/rad 8.8 x 10*
Stiffness unclutched drivetrain 2 kna 2 Nm/rad 4.7 % 10*
Stiffness clutched drivetrain 1 koc 1 Nm/rad 4.2x10*
Stiffness clutched drivetrain 2 koco Nm/rad 3.0x 10*
Damping drivetrain 1 d, Nms/rad | 25
Damping drivetrain 2 dy Nms/rad 10
Clutch threshold 1 Tih.1 Nm 240
Clutch threshold 2 Tho Nm 90
Clutch residual torque 1 Tres.1 Nm 60
Clutch residual torque 2 Tres.2 Nm 30
Coulomb friction motor 1 TC.1 Nm 50
Coulomb friction motor 2 Tco Nm 25
Viscous friction motor 1 Dy Nms/rad 5
Viscous friction motor 2 D, Nms/rad 2.5
Environment stiffness Keny N/m 3.5%x10°
Environment damping Depy Ns/m 6x 102
Mom. obs. low-pass gain 1 Kr, rad/s 500
Mom. obs. low-pass gain 2 Ko rad/s 500
Mom. obs. high-pass gain 1 Ky 1 rad/s 100
Mom. obs. high-pass gain 2 Ky rad/s 100
Collision detection threshold 1 Teol.l Nm 30
Collision detection threshold 2 Teol 2 Nm 10
Position control gain K, 1/s 1.0
Velocity control gain K, Nms/rad | 0.1
Velocity control integrator gain T; S 0.1

if the collision occurs in the Tool Center Point (TCP) with s, and c, shorthand for sin(x) and cos(x) respectively. The
elements of the link inertia matrix J;(q) can be derived as

Jiin = mllCZJ +my (I —&-liz +2lhlepcg,)+ 1+
Jip=Ji21 = mz(lig +hlepcy,) + 1 ©)

J[yzz = m2l62_2 +1
The gravity term reads

g(q) = (mile,1 +m211)gcq1 +malc28¢q +q, )
mzlc.2g6q1+q2

and C(q,q) is given by

) @2 q1+q
C(q7q) = _mzlllcgsqz |:_q1 0 :| (5)



2.2 Series Clutched Actuator Model
The dynamics of the motor side (reduced to the link side) are modelled as

Jmé =Tm — Ty — Toc (6)

with constant motor inertia matrix J,,, = diag(Jm.1,Jm2) € R?*2, driven by the motor torque T,, = [T, 15T 2], a friction torque
Ty = [Tf.1;Ts2] with components

2 min(|6;],7¢,) if ;] <
sign(6;)tc; 0therw1se

T =Dib; +{ )

with D; the viscous friction coefficient [Nm/(rad/s)], Tc; the Coulomb term [Nm] and with € = 0.01 rad/s introduced for
computational purposes [32]. Each component of the clutch torque T, satisfies

kiAgi +diAg;  if |kiAg: + diAGi| < T
Toc,i = Ag Tres,i if ]...| > T and Ag; < € )
sign (A% ) Tres,i otherwise

with k;, d; respectively the i drivetrain stiffness and damping of the strainwave gear and clutch in series, with Ag; := 8; — g,
with Ty, ; the clutch threshold torque and Ty ; the residual torque. If the transmitted torque is larger (in absolute value) than
the threshold torque Ty, i, the clutch decouples and transmits maximally the residual torque Tres ; < Tin,i. Without clutch, To
is to be replaced by Thq i = knd, 1Aq, +dng,iAg; where kng; and dpq ; are only due to the strainwave gear. In case the connection
of joint i is rigid, 6; is fixed and 8, =6, =0. The torque Toc; is to be replaced by T,; = k,.;Ag; — d.;4; where k;.; and d,.;
are due to the rigid coupling. The i joint motor dynamics, represented by Eq. (6), reduces to Tm,i = Toc,i- Concerning the
dampening, it is assumed that d; = dyq ;i = d,;. Again, £ is introduced to avoid chatter at near-zero speeds.

2.3 Environment Interaction Model
The interaction with the environment is modelled as a spring-damper [23]. A collision is assumed to happen as soon as
the arm is below the horizontal plane intersecting the shoulder joint axis:

f. _ —Keny (Z - Zcol) — Denyz if 2 < Zeol )
ext,3 0 otherwise

with z the vertical robot position in Cartesian coordinates in task space and Kepy and Depy the stiffness and damping respec-
tively.

2.4 Collision Detection and Reaction
The bandpass momentum observer boils down to low- and high-pass filtering the (unknown) external torque Tex; Which
in the Laplace domain reads

. s Ky

Texti = 7
' s+Kpis+Kp;
——
HPF LPF

Text,i (10)

for each of its components 2.y ;. In time domain and after integrating twice, one gets [30]:

Rexti = Kr,i[pi(t) — pi(0)]

t K Pa
- KL,i‘/O |:Toc,i - Bi(qv q) + (l + KHJ )Text.i:| dt

L
it
_KL_,,'KH_’,‘/ [/ ’Cext,idt] dt
0 0

(1)



where B(q,q) is defined as

B(a.4) =g(a) —C"(q,q)q (12)

which can be evaluated explicitly:

B — (myley +maly)geq, +male28cq; +q,

7 : 13
malleacq g, +m2lile254,41(41 4 42) (13)

given the analytical expressions for the gravity term g(q) and the centrifugal and coreolis matrix C(q,q). The moment p is
defined as p = J;q. If Ky ; = 0 is chosen, one obtains the standard momentum observer T, which acts as a low-pass filter
for the external torque Text.

The link position q and velocity q are estimated based on the motor position 0 and the overload clutch torque T, via
gi = 0; — Toc,i/ ki assuming steady state. Note that the latter equation is only valid if the clutch is coupled. Given the transient
nature of the impact, this assumption may also not be valid during the collision. This may lead to an imprecise estimate of
the external load during the impact. We assume however that this estimate does exceed the collision threshold so that the
impact is correctly detected.

A collision is detected by comparing the absolute value of the bandpass momentum observer with a predefined collision
threshold: |Texi| > Teoli Signals a collision of actuator i. The robot is instructed to stop as fast as possible.

2.5 Low Level Control
Each motor torque T, ; is given by

S Te,i if |Tei| < Toati (14)
it sign(Te;)Tsari  Otherwise

with

K,K,
T;

1
)(Quesi — i) + Kp(Gaesi — Gi) + (9desi — qi)dt (15)

T =K,(K, +—=

c,i p( v Tz
which is a standard PID—controller based on a cascaded velocity and position controller with T, ; the maximum torque of
motor 7, chosen equal to the clutch threshold torque T j. K, K, and T; are tuning parameters and gges; the desired motor
position.

3 Collision simulations

The collision simulation model derived in the previous section is used to determine the robot velocity above which
overload protection is required. It is furthermore determined what the optimal clutch topology is by varying if a joint is fitted
with a clutch or not.

3.1 Optimal Clutch Topology

Fig. 3 shows the collision simulation in case of (a) an unclutched shoulder with stiff rigid elbow, (b) a clutched shoulder
with rigid elbow, (c) an unclutched shoulder and elbow, (d) with clutched shoulder and unclutched elbow and (e) with clutches
both in the shoulder and elbow. Each time, the shoulder and elbow motor position is shown, as well as the difference between
motor and load side position, their speeds, the motor torque, the clutch torque along with their maximum ratings and the
collision force as measured at the point of collision.

In the first two simulations, the elbow is assumed rigid as if the robot has only a single link. This is modelled by
setting the stiffness of the elbow to k., =2 x 107 Nm/rad, matching the torsional stiffness of the dummy actuator used in the
experiments to follow. The results are shown in Fig. 3 (a) and (b) for the unclutched and clutched case respectively. Only
the simulation with clutched shoulder will be experimentally verified (see Section 4) as the former indicates overloading of
the actuator’s drivetrain. By adding the clutch, the shoulder is effectively protected as the clutch torque T, is lower than
the maximum allowed instantaneous torque of the strainwave gear. No significant reduction in collision force is observed
however.
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Fig. 3. Collision simulation with (a) unclutched shoulder and stiff rigid elbow; (b) clutched shoulder and rigid elbow; (c) unclutched shoulder
and elbow, (d) clutched shoulder and unclutched elbow and (e) clutched shoulder and elbow.

If the rigid connection between upper and lower arm is replaced by an unclutched actuator, the impact force amplitude
reduces by 20% as shown in Fig. 3(c). The latter can be attributed to the actuator’s inherent compliance, in particular the
harmonic drive compliance. It acts as a mechanical low pass filter and decouples the motor side inertia during a high-speed
collision. The reduction in collision force is overshadowed by the excessive loading of the harmonic drives Toc,1 and Toc 2.
Overload protection is hence required if catastrophic failure of (both) drivetrains is to be avoided. The question is now which
clutch topology is best suited. Three options exist: a single overload clutch in either elbow (1) or shoulder (2) or clutches in
both actuators (3).

If only the shoulder is overload protected, the simulation shown in Fig. 3(d) predicts catastrophic damage to the elbow.
The simulations with unclutched shoulder and clutched elbow gave similar results as with both joints clutched. The latter
simulation is shown in Fig. 3(e). The elbow clutch allows the arm to kink (as indicated by 6, — g ~ 15°) and hinge about
the elbow joint, reducing the inertia to be slowed down fast. Both clutch torques Toc 1.2 are below their maximum ratings
and only the elbow clutch decoupled (Toc,1 < Tin,1). Adding a clutch in the elbow hence protects both the shoulder and elbow
actuator. Note however that the shoulder is not protected if the collision occurs at the upper arm of the robot. In order to
protect both the elbow and shoulder in all situations, two clutches are required. Similar to the case with rigid elbow, the
clutch does not significantly reduce the maximum collision force at the point of impact.

3.2 Influence Of Robot Speed

The collision simulations up to now gave insight in how the shoulder and elbow joint drivetrains can be protected during
a collision at high speed. In this section, it is investigated from which speed on overload protection is required.

Fig. 4 shows the torques Toc 1.2 as function of speed at the tool center point and clutch topology: no clutches on shoulder
and elbow versus both shoulder and elbow have an overload clutch. Also shown are the maximum repeatable torques of the
strainwave gears as well as the clutch threshold torques Ty, 1.2. Note that the threshold torques could be chosen differently
(as long as they are below the maximum repeatable torques of the strainwave gear). They were chosen slightly lower than
the maximum rated torque of the strainwave gear as this allows to decouple the clutch with the actuator itself which proved
handy during testing and calibration. Moreover, the chosen clutch threshold torques were found high enough to demonstrate
impact-aware robot control as will be discussed in the experimental section (Section 4).

Note that with increasing speed, the elbow joint is the first to be overloaded if not fitted with a clutch. Another important
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Fig. 4. Influence of robot speed and clutch topology on the shoulder (a) and elbow (b) joint torque. These graphs allow to determine two
important metrics: (1) the speed above which overload protection is required and (2) the maximum speed that allows impact-aware robot
control for a robot with series clutched actuators.

speed limit is the maximum velocity at which none of the clutches decouple during impact. This is the region that allows
for impact-aware robot control. More concretely, this is the maximum speed where the joint torques do not exceed their
respective clutch thresholds Ty, 1 and Ty 2. Figure 4 shows that this threshold is reached first in the elbow joint. The associated
velocity is hence the maximum velocity for impact-aware control. When programming conventional robots without overload
clutches, impacts are typically avoided, e.g. by slowly approaching objects. Given the assurance of the overload clutches,
programming can be altered to allow impacts as long as they are within the impact-aware region. If the impact is too severe
and decouples a clutch, it suffices to reset the collision-tolerant robot where a conventional robot without overload protection
may have broken down.

4 Experimental validation
4.1 Experimental Setup

The experimental setup shown in Fig. 5 consists of a custom 3-link hybrid high-speed cobot prototype of which the
shoulder and elbow joint are used in this study. The shoulder and elbow actuators are respectively driven by Tecnotion QTR-
133-25 and QTR-105-25 permanent magnet synchronous motors, CSD-40-50-BB and CSD-32-50-BB harmonic drives and
have RLS Aksim-2 absolute magnetic encoders with 20 bit resolution. The complete setup is controlled via a Beckhoff IPC
running TwinCAT 3. The overload clutches have integrated capacitive joint torque sensors and clutch decoupling detection,
as shown in Figure 6.

4.1.1 Combined Friction Cam Clutch

Figure 6(a—d) respectively show the working principle (a-b) and actual design of the clutch (c-d). An output flange (1)
is connected to the robot arm and an input flange (2) connected to the drivetrain. Spring plate (3) is pushed by springs (4) in
the recesses of (2), locking both flanges via a form closure (cam). The same set of springs is used to generate an additional
force closure through friction between (1) and (2) as well as (2) and (3). If the collision force exceeds the clutch threshold
T > Ty, the clutch decouples. Sufficient residual torque T,.; remains to counteract gravity. Due to the cam, a unique relative
position of the input and output flanges exists avoiding recalibration of the robot after recoupling the clutch. More details
can be found in [3].



Fig. 5.  Snap shots of a collision experiment with a two degrees-of-freedom arm including a shoulder and elbow joint. The different stages
are (a) prior to experiment; (b) high-speed motion; (c) collision; (d) kinked arm with decoupled elbow; (e) reset position of the elbow; (f) reset
position of the shoulder; (g) fully reset robot; (h) resumed operation.

4.1.2 Integrated Sensing

The input flange (2) is made compliant, represented by torsion spring (6). An electrode (5) is mechanically fixed (but
electrically isolated) to one halve. The change in capacitance Cyrs T is related to the torque transmitted by the clutch. A
capacitance drop Cpgc J signals clutch decoupling. The actual implementation (Fig. 6(c-d)) resembles a spoked (7) wheel
with four paired electrodes (5) facing several protrusions (8). The use of paired electrodes allows to distinguish between
joint torque sensing and clutch decoupling detection. More details can be found in [29]. The capacitive measurement via
electrode i, calibrated to represent joint torque if T < Ty, is referenced as Tcqc ; in what follows.

4.2 Collision Experiment With Clutched Shoulder And Rigid Versus Clutched Elbow

Fig. 5 shows the different stages of the collision experiments that will be discussed next. All stages are present in an
experiment with clutched elbow. Only (a)—(c) and (f)—(h) occur during a collision with a rigid elbow. Fig. 5 (a) shows the
robot prior to the experiment; (b) while performing a high-speed motion; (c) at the collision; (d) decoupling of the elbow
resulting in a kinked arm; (e) reset position of the elbow; (f) reset position of the shoulder; (g) ready to resume operation and
(h) high-speed motion. The different stages are also indicated in the measurements of Figs. 7 and 8.

4.2.1 Collision Experiment With Clutched Shoulder And Rigid Elbow

A first experiment is performed with clutched shoulder and rigid elbow. The robot is hence reduced to a single degree-
of-freedom arm. The experiment resembles the collision test reported in [3] although the load inertia differs. The actuator
is instructed to move the arm back and forth at high speed, resulting in a collision in the second pass. Fig. 7 shows the
shoulder’s motor position 9,, 1, speed Gm’l and torque T, 1 as well as the joint torque sensor T, 1 readings based on the
individual CDC readings Tcqc,1:1..8, the standard and bandpass momentum observer, 15, and 1 respectively as well as the
collision threshold T | and the reading of the loadcell with which the arm collides. The collision is detected as the bandpass
momentum observer exceeds a predefined threshold. Given the high speed, the overload clutch decouples. This results in
diverging CDC readings of the paired electrodes Tcqc,1:1..8 used in the integrated joint torque sensor. By decoupling, the clutch
effectively protects the drivetrain as the collision force measured by the load cell would have likely resulted in catastrophic
failure of the strainwave gear. In decoupled state, the clutch allows to transfer sufficient residual torque to keep the arm
upright and move it at low speed towards a reset point. The shoulder clutch is recoupled allowing to resume its high-speed
operation. The measured collision force matches the prediction by the simulation, as shown in Fig. 3(b).
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Fig. 6. Working principle (a-b) and actual design (c-d) of the Combined Friction Cam Clutch with integrated joint torque sensing and clutch
decoupling detection. Details can be found in the main text.

4.2.2 Collision experiment with clutched shoulder and elbow

In a second experiment, the rigid elbow is replaced by a clutched actuator. The experiment is repeated, resulting in the
measurements of Fig. 8. Now the motor position 8, speed © and torque 7, are shown for both the shoulder and the elbow
as well as their joint torque sensor readings Toc. The elbow (bandpass) momentum observer ey > and the collision threshold
Teol,2 are also given, as well as the loadcell reading. Only the elbow joint decouples in this experiment.

Without the clutch the elbow actuator would likely be catastrophically damaged. The elbow clutch does also protect the
shoulder joint. By decoupling, the arm is allowed to kink at the elbow, increasing the braking distance of the lower arm.
Stated otherwise, by reducing the inertia that must be slowed down fast, the collision load on the shoulder is lowered and
the shoulder clutch is not decoupled. The collision force measured by the loadcell is lowered by 8%, which is slightly lower
than the 20% predicted by the simulations of Fig. 3(b) versus (e).

4.3 Impact aware pushing of a box

Given the fact that the robot is protected during a high-speed collision, the robot can be used to perform tasks that are
(too) risky to try with conventional robots without overload clutches. An example is shown in Fig. 9. A box weighing 8 kg
is pushed by the robot. The conventional approach would be to approach the box slowly and gently establish contact prior to
pushing the box while monitoring the load of each actuator. In this experiment, the robot moves at high-speed, does not slow
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Fig. 7. Shoulder position, speed, motor and load side torque as well as (bandpass) momentum observed load torque and loadcell reading
during a collision experiment with clutched shoulder and rigid elbow.

down while establishing contact and pushes the box in a fluent motion. This is an example of impact-aware robot control as
introduced in e.g [7], [24] and [25]. It allows to operate at higher speeds, without losing time decelerating to impact the box
at near-zero speed. This technology hence makes industrial robots more productive.

Fig. 10 shows the corresponding measurements of the shoulder and elbow motor position 0, speed 0, motor T,, and
joint torque T, as well as the bandpass momentum observer ey > and the collision threshold Tco) 2. Note that the collision
detection is ignored in this experiment. The horizontal speed in task space can be calculated as the absolute value of the
second component of the screw J(q)q, more concretely

|y| = |(_l1sq1 - 123q1+q2)ql - lzsq1+q242| (16)

and is as high as 1 m/s at impact. The load torque as measured by the joint torque sensors in the shoulder and elbow is
lower than the respective clutch threshold. Neither of the clutches decouple and hence no reset procedure is required. This
operation is thus within the bounds of impact-aware operation. Note that the kinematic configuration is different with respect
to the collision experiments of Fig. 4. Moreover the stiffness of the box will be lower than that of the table and loadcell.

5 Conclusion
Collisions at high speed can severely damage robots with non-backdrivable drivetrains. This article identified the speed
above which an overload clutch is required to protect the drivetrain of a two degrees-of-freedom robot arm. Regarding the



A5 100k | Oma|
8 50 (b) Recoupling position elbow (f)(g) — Ol
o o
sof |© _
1 1 1 Il 1 1 1 1 1
5F T T T T T T T =
= / \ / \\ Collision at 3.7 m/s @ TCP /\ .
< 0 Iy
<
—~

T T =

200 Mo | | - 0

i T N B iaan
> VWM"UW

-200 n
1 1 1 1 1 1
200 T T T T T T T T
100+ Shoulder does not decouple == Toc,1 4
E ~ Tede,1:1..8
Z 0 ——
-100 b
1 1
200 ' ' N
E 0 == Toc,2 L
“ Tede,2:1..8
Z. -200 - .
-400 | | b
100 T T .
Ak
E 50 - Text‘Q .
.............................................. — 7A-ext42 -
| e e I =
=~ Teol,2

-50

3———+ False reading (due to decoupling) . .

Al passed on to momentum observer E7 Loadcell | |

,_%: ; 8% reduction with respect to rigid elbow
0 1 | 1 1 | 1 | 1 1
0 2 4 6 8 10 12 14 16 18
Time [s]

Fig. 8. Shoulder and elbow position, speed, motor and load side torque as well as (bandpass) momentum observed load torque and loadcell
reading during a collision experiment with clutched shoulder and elbow.

optimal clutch topology, it was found that adding an overload clutch in the elbow is effective in protecting both the shoulder
and elbow joints if the collision occurs at the tool center point. While adding a clutch reduces the drivetrain load considerably,
the force at the point of impact does not. The maximum speed below which none of the clutches decoupled was identified as
the limit to practise impact-aware robot control. An experiment where a box of 8 kg was pushed at 1 m/s demonstrates how
clutch protected robots can be used in scenarios requiring intentional collisions, without having to worry about accidentally
damaging the robot’s hardware.

Future work will be to extend this analysis to robots with higher degrees of freedom, where the collision force is expected
to significantly depend on the robot pose. Other work will focus on the long term performance of the clutch. Especially the
positioning accuracy after decoupling multiple times will be evaluated.
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Fig. 9. Snap shots of an impact-aware control experiment. A box of 8 kg is pushed by the robot without decelerating during the approach
phase.
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