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Abstract—The increasing use of robots operating close tdhe impact force is reduced by applying a time-iragyimit to

people has made human-robot collisions more likilythis

paper, strategies intended to reduce the impace ftor a safe
level, without sacrificing the robot's performancere
investigated. The strategies can be applied to botrarm
without modifying its internal hardware. They indt the
existing strategies: lowering the actuator congrcd! stiffness;
actuator switched off upon impact detection; widwiing the
arm upon impact detection; and adding a compliamec We
also propose the novel strategy of limiting the tomlter's

feedback term. The collision scenario studied ®lzot arm
colliding with a person’s constrained head. An ioyed

the actuator torques based on a dynamic modeleofdhot.
While this can work in certain situations, an uriddde
reduction in the precision of the robot’s trajegttnacking may
also occur when the actuator torques are limitetiuRing the
inertia of the robot is very effective at reducitige impact
force. The robot developed by DLR [2] is a primample of
this approach whose special design and use ofwajpht
materials, such as carbon fiber, produced a vewy ifeertia
arm. However, this is a costly solution and obvigeannot be
used to improve the safety of conventional robBisducing
the stiffness of the transmission between the &mtsiand links

.is another approach for improving the collisionesaf e.g.

lumped parameter model of the constrained impact ig4]. with conventional robots the transmissicetween each
proposed. Simulation results are included for a URSctyator and link is very stiff so both of theieitias contribute

collaborative robot. Sixteen combinations of thepatt force
reduction strategies are compared. The results shatwsing
a high stiffness controller with a feedback limitdacompliant
cover reduces the impact force to a safe level, auideves
precise trajectory tracking.

Keywords—collaborative robot; compliant covering;utman-
robot collision; impact force; robot control; robtcsafety

l. INTRODUCTION

In emerging applications, such as collaborativeotetand
service robots, robot arms (also termed “manipwdYomay
operate in close proximity with people. This proitinmakes
human-robot collisions much more likely so the iapito
reduce the human-robot impact force to a safe levalcritical
requirement for these robots. Research on the mieaigl
control of safe collaborative robots (also termdturhan-
friendly robots” in the literature) aims to addrebss safety
requirement without sacrificing the robot’s perfemmee and
functionality.

to the severity of the collision. The objective wdriable-
stiffness actuation (VSA) is to dynamically decauphe
actuator’s rotor inertia from the link’s inertiain8e the contact
occurs between the human and the link, and théslinkrtia is
lower than the combined inertia, the impact forc#l ‘e
reduced by the VSA's decoupling effect. The lowdae t
stiffness the lower the force, however low transiois
stiffness also tends to lower the precision of tobot's
position control. Similarly, a lower arm velocitysa reduces
the impact force, but clearly sacrifices the robgérformance.
The VSA mitigates these two problems by lowering th
stiffness when the velocity is high, and increadimg stiffness
when the velocity is low. This addresses the sadspect, but
will also cause the tracking precision to detetiorduring the
higher velocity sections of its motion trajectori€sirthermore,
using VSAs for the robot's six joints will increasie
complexity, cost and inertia of the arm. Adding an
electromechanical clutch between the link and aotuiz an
alternate approach to decouple the actuator’'siakid inertias
[5][6]. This behaves like a VSA with two stiffnessand is
termed a “series clutch actuator” (SCA). When diuts

Previous researchers have proposed a wide varitty engaged the transmission’s stiffness is very tagl, when it is

approaches for reducing the human-robot impactefolre [1]

Research sponsored by the Natural Sciences andésngig Research
Council of Canada (NSERC) through a Discovery Grant

disengaged the stiffness drops to zero. Unlike AMBe SCA
should not affect the robot's performance duringrnred
conditions since the clutch should only disengadeerwa
collision happens. The clutch’s torque threshold edso be
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varied to satisfy both the safety and performamcgirements
[5]. Unfortunately, using SCAs will increase thermguexity,
cost and inertia of the robot arm.

While the approaches in [2]-[6] all have merit, \aee
interested in methods for reducing the impact fahe can be
applied to existing robot arms with little or no difications to
the arm’s hardware. The actuator torque limitinghuod in [1]
is such an approach, but has serious side effegiseaiously
discussed. A better approach is to add a collidetection and
reaction strategy to the robot's control softwazey. [7]-[9].
The detection can use either the robot’s existemgssrs [7][8]
or externally mounted sensors [9]. The former appho
requires a dynamic model of the robot while theetatioes not.
Using either approach detection times of a few ras be
achieved [7]-[9]. Various reaction strategies maydxecuted
after contact detection to reduce the impact fomeh as:
braking to a stop [7][9], switching the actuatorf 8], or
having the arm reflexively withdrawn from the loicat of the
impact [8]. Another method for increasing the safef an
existing robot is to add a compliant cover oversitsface, e.g.
[7][10][11]. The cover’s stiffness can be chosensttisfy a
safety constraint without being excessively thidd][ The
compliant cover cannot be used with the end effedtat
interferes with its function. If this is the casgjick release
mechanisms, such as the QuickSTOP collision de¥ipelied
Robotics Inc.), can be used to increase the safetpllisions
with the end effector.

In this paper we will investigate strategies intehdto
reduce the impact force when a robot collides withuman’s
head, while maintaining the robot’s performancearmunormal
conditions. These can be applied to an existingtrelithout
modifying its internal hardware. They include thes\pously
applied strategies: lowering the actuator contr@listiffness,
actuator switched off by controller upon impact edtibn,
withdrawing the arm as fast as possible upon imgatgction,
and adding a compliant cover. We also propose iheeln
strategy of limiting the magnitude of the feedbaekn used
with the controller.

The collision scenario is described in sectioriflsection
lIl the impact model for this scenario is deriv&kction 1V
covers the controller design. Simulation resules presented
and discussed in section V and conclusions are rdraw
section VI.

[I.  COLLISION SCENARIO

(@) (b)

Figure 1. lllustration of the collision scenarios being sedli a) Hear
impact caused by robot's shoulder joint movemehtiéad impact caused
by robot’s waist joint movement.

The robot is assumed to be a standard articulatadaégth six

or seven motorized rotary joints. The impact mag&esed by
either the rotation of the robot’s shoulder joiRty, 1a) or its
waste joint (Fig. 1b). The elbow joint is assumed ke

infinitely stiff which is a conservative assumption

I, HUMAN-ROBOTIMPACT MODELING

As is common practice in the literature [3][4][10]]][12],
the human-robot impact dynamics in the normal dimacare
modelled by a linear one dimensional lumped paranabdel
consisting mainly of masses and springs. Fig. 2wshthe
schematic for the linear robot-head impact modké &ctuator
force (commanded by the controller), equivalentseasf the
actuator and link are included. The mass of thel ieshown
but not included in our equations since it is craised.
Knowing the elastic modulus and contact area ottmpliant
material, the compliant cover can be modeled gsiagacting
between the link and head. The human head’s si#fige also
modelled as a spring. Its value for robot-head awnis
included in the international technical specifioati for
collaborative robots [12]. Including this spring kea the
model more realistic than previous models that rassuthe
skull is perfectly rigid. Displacement due to tramssion
deflection adds one degree of freedom to the matiéh is
shown as spring acting between the actuator poséia the
robotic arm position. Most existing robots use a-lmacklash
high-precision transmission at each joint which kasigh
stiffnress compared to the controller's stiffnessue(dto
feedback). Thus the transmission spring can beonady
neglected, making the actuator and links act asglesmass.
Fig. 3 shows the simplified model that is employiadthe
remainder of this paper.

The conventional position controller equation fbe foint

Although the human-robot impact could occur almostS:

anywhere on the human’s body we will investigatepaet
with the human head since it is the most likelyrésult in
serious injuries. The collision scenarios beingdigd are
illustrated in Fig. 1. We assume that the impakésaplace at
the tip of the forearm link when the robot arm iglyf
extended as shown. This contact location and elbogle

maximizes the moment of inertia of the arm whichl wi

produce the maximum impact force, all other paransebeing

equal. We also assume the impact direction and hisma

surroundings do not allow the head to move — thigimed a
“constrained impact” and produces much larger fotban the
unconstrained case where the head is allowed tcenibi].

T

cont:Kp(ed_er)+Kd(9d_9r)+lréd (1)

subject to:
|Teond] < T 2

cont

Compliant cover

Actuator Link | stiffess
mass mass

Figure 2. Linear robot link-head blunt constrained impacteio
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Figure 3. Simplified model for robot lin-heac blunt constrained impa

wherer,,, is the joint torque to be applied by the actuatoritracking by specifying the desired closed-loop bedth, f

TS the maximum actuator torqué;is the joint angleg, is
the desired angleK, and K, are the proportional and
derivative feedback gains respectivell;is the combined

inertias of the actuator and links; ahd), is the feedforward

term used to compensate the inertial torque. Assgntine
post-impact deflections are small, the equivaleomtmller
force in the normal direction at the point of cantis:

Fcont:Kcont(xd_xr)+ccont( Xd_ Xr)+ erd (3)
where K, =K /L*, C,, =K, /L*, M, =1 /L* x,=6,L,

x. =@ L andL is the distance from the impact point to the

joint. If all displacements are relative iq , the robot’s
equation of motion is:

MX =Fo=F —F (4)

ont

where F, is the friction force ané is the impact force. The
impact force is given by:

F ={thxr X >0 )
0 x <0
where:
Kp = KK /(K +K ) (6)
Substituting (3) and (5) into (4) and rearrangingeg:
MX+CX+KX=ME+ G X+ o X- F (V)
where:
C =C,n 8)

K ={th+Kcom Xr>0

and 9
K X, <0 ®)

cont

The friction force is modelled as the sum of dry afiscous
components as follows:

fisign@ )+ k% % # 0
F={F—F X% =00F,,~F|<f, (10)
fsign(E,,— F) otherwise

i ont

wheref, is the kinetic friction force,f,is the static friction
force andk, is the coefficient of viscous friction.

Lastly, the deflections of the compliant cover deéd may be
calculated using (11) and (12), respectively.

Ax. =x.-x=F/K and (11)
X, = F/K, (12)

IV. CONTROLLERDESIGN
The position controller can be designed for trapct

bw ?
and damping ratio;. The corresponding controller gains are
given by:

K =102 (13)

p r=n

Ky =20 /K, (14)
where:
o, =2nf,, (z;+«/1+z;2) (15)

The proposed feedback limited (FBL) controller is
obtained by replacing (1) with:

T =Tt Ty (16)
ry=K,(6,-6,)+K,(6,-6,) and 17)
7, =186, (18)
subject to (2) and:
|rfb| <Tim (19)

where 1, is the feedback torque limit.

V. SIMULATIONS

Simulations were created to compare the positiantrob
performance and impact forces produced under atyadf
conditions. The simulated robot is a Universal Robwodel
URS5 which is one of the most common collaborativieots in
use today. The robot’'s commanded trajectory isneefisuch
that it collides with the head at a velocity of ®@/s which is
the highest speed permitted by the Canadian [13] an
international safety standards [14] when a humanvithin
reach of a robot arm. Two different sets of cofgrogainsK

and K, were used, one for a high bandwidth, high stiffnes

controller (HSC) and the other for a lower stiffseower
bandwidth controller (LSC). The two bandwidths the HSC
and LSC are 50 Hz and 5 Hz, respectively. The spoeding
stiffnesses are 355 kKN/m and 3.55 kN/m, respegtiv€he
other simulation parameters are listed in Table I.

Several impact conditions have been simulated and
comparisons made. The HSC and HSC were simulatéd wi
and without compliant cover (CC). The other impé&mtce
reduction strategies simulated are: limiting thentowmler
feedback force applied to the link (FBL); switchidf the
actuator when the impact is detected (SOA); andeémpnting
an arm withdrawal reflex (AWR) by applying the maxim
actuator torque in the opposite direction. The ichpketection
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TABLE I. SIMULATION PARAMETERS
Parameter Value Description
dt 0.01 ms Integration timestep
fi 19.4 N Kinetic friction forcé
fg 19.4N Static friction force
K, 25 kN/m Compliant cover stiffness [11]
K, 150 kN/m Head stiffness [12]
k, 0.554 Ns/m Coefficient of viscous frictibn
L omm e e
M, 9.57 kg Equivalent robot mdss
Ty 5ms Impact detection delay
T, 1 ms Controller sampling period
¢ 0.7 Controller damping ratio
Tjim 20 Nm Controller feedback limit
Tpax 150 Nm Maximum joint torque [15]

a. Friction torque from [15] divided Hy.

b. Coefficient of rotary viscous friction from [18]vided byL2.

c. Obtained by dividing the sum of the actuatorid arm’s moments of inertia
about the joint (assuming the robot uses inertiechiag) from [16] byL.2.

delay for the AWR was assumed to be 5 ms. The rolact
simulated tracking a trapezoidal velocity trajegtdsefore
collision and the tracking root-mean-squared-erl@MSE)
values were computed. To make the tracking moréestieahe
friction coefficients were subjected to a 5% randeaniation
from the nominal. Table Il lists the results foretltases
simulated.

The International Organization for Standardizat{®®0O)
specifies 130 N as the maximum permissible forceffe skull
and forehead. Studying the results in the tablecait be
observed that the robot with HSC and no CC, FBIAWR
exerted an impact force of 410N (case 1), well beyihe ISO
safety limit. This 410 N value is used as the bemafk for
comparison. Using the LSC reduced the impact f@#&% to
313 N (case 9), while adding a carefully selectert With the

or HSC+FBL| 171

LsC
.................. Desired

Position (deg)
)
o

40
0 0.5 1 15 2
2 s0f
o
s
£ ° HSC+FBL |
3 LsC
g _50 .................. DeSIred
0 05 1 15 2
a 05 --------------------
g T ISCIFBL
5 WM b LSC
w OF
s {
2 iy
£ o5 .
o 05 1 15 2

Time (s)
Figure 4. Comparison of the joint's motion tracking perf@mnces befor
impact for higher stiffness controller with feedkdinit (HSC+FBL) and
the lower stiffness controller (LSC).
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Figure 5. Post-impact link tip position and impact force fibre high
stiffness controller with different features: witle impact reduction feature
(HSC), with arm withdrawal reflex (HSC+AWR), andtiviarm withdrawal
reflex and compliant cover (HSC+AWR+CC).

FBL strategy reduced the force 26% to 303 N (cake 2
Although these two strategies have a similar effectthe
impact force, the RMSE before the impact is 99% llema
when FBL is used (case 2 vs. case 9). Fig. 4 cossptre
tracking performance for these two cases. The igpgsition
and velocity errors with LSC are obvious in thigufie. Adding
CC to the robot with HSC reduced the impact for&863
(case 5) and when combined with FBL, the impactcédor
reduction is 72% (case 6) and the force of 117 I¥ss than the
ISO limit.

For the uncovered robot with HSC, SOA (case 3)AWR
(case 4) produced similar forces to FBL (case Besithe
impact force rises so fast that it is near its pbafore the
impact is detected by the SOA and AWR strategiesvéver
when CC is used with HSC the force rises more siowl
allowing SOA (case 7) and AWR (case 8) to redueartipact
force by 75% and 84%, respectively, to values wihin the
ISO safety limit. Fig. 5 compares the effectivene§AWR
strategy with and without CC to the benchmark dasgthout
any force reduction method) for the HSC. With tlemdhmark
case, in addition to large forces it can be obskthat repeated
impacts occur.

Regarding the LSC, cases 9-16 show a similar petitethe
corresponding HSC cases 1-8. Fig. 6 shows thetsefaul the
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Figure 6. Post-impact link tip position and impact forcer fthe low

stiffness controller with different features: witle impact reduction feature

(LSC), with arm withdrawal reflex (LSC+AWR), and ttviarm withdrawal

reflex and compliant cover (LSC+AWR+CC).
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LSC and the same combinations of AWR and CC asgn3F  [4]
Compared with Fig. 5, the same improvement canlbserved
when CC is added, with the main difference beirgydm is
withdrawn much further back after the impact whemg the [5]
LSC. From these figures and the tabulated resultan be
observed that the LSC provides no significant yadeivantage [6]
when CC and AWR are used together.

VI. CONCLUSION [7]

Several strategies for reducing the impact foraesed by
the collision of a robot arm with a constrained lumrhead
were investigated. The effect of the strategieshenrobot's  [8]
trajectory tracking precision during normal operativas also
studied. An improved lumped parameter model for the
constrained impact was proposed for simulatingcthibsions. [9]
Sixteen combinations of impact reduction strategiesre
simulated and compared for a UR5 collaborative tobo
Compared to the uncovered robot with the HSC, tsC L [10]
(with 1% of the HSC's stiffness) only made the ircipBorce
slightly smaller, and made the tracking errors mienger.
The SOA and AWR strategies were effective when GG w [11]
used, but have the disadvantage of requiring ramigact
detection. Combining the proposed FBL strategy witBC
and CC reduced the impact force to less than tke d&ety
limit and achieved precise trajectory tracking. SThi [13]
combination also does not require any impact dietect
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TABLE II. SIMULATION RESULTS
Case Controller Stiffness, Controller Switch Off Arm Compliant Limit on Tracking Peak Impact
Number Keoni (KN/m) Bandwidth (Hz)  Actuator Drawback Covef Feedback RMSE (deg) Force (N)
1 355 50 No No No No 3.73E-3 410
2 355 50 No No No Yes 3.79E-3 303
3 355 50 Yes No No No 3.73E-3 329
4 355 50 No Yes No No 3.73E-3 353
5 355 50 No No Yes (10.5mm) No 3.73E-3 264
6 355 50 No No Yes (4.7mm) Yes 3.79E-3 117
7 355 50 Yes No Yes (4.1mm) No 3.73E-3 103
8 355 50 No Yes Yes (2.6mm) No 3.73E-3 66
9 3.55 5 No No No No 0.362 313
10 3.55 5 No No No Yes 0.405 303
11 3.55 5 Yes No No No 0.362 299
12 3.55 5 No Yes No No 0.362 277
13 3.55 5 No No Yes (5.3mm) No 0.362 132
14 3.55 5 No No Yes (4.7mm) Yes 0.405 116
15 3.55 5 Yes No Yes (4.1mm) No 0.362 102
16 3.55 5 No Yes Yes (2.5mm) No 0.362 62

a. Maximum compliant cover deflections during impa@ shown in brackets.
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