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Abstract: Since robotic arms operating close to people are becoming increasingly common, there
is a need to better understand how they can be made safe when unintended contact occurs, while
still providing the required performance. Several actuators and methods for improving robot safety
are studied and compared in this paper. A robotic arm moving its end effector horizontally and
colliding with a person’s head is simulated. The use of a conventional electric actuator (CEA), series
elastic actuator (SEA), pneumatic actuator (PA) and hybrid pneumatic electric actuator (HPEA) with
model-based controllers are studied. The addition of a compliant covering to the arm and the use
of collision detection and reaction strategies are also studied. The simulations include sensor noise
and modeling error to improve their realism. A systematic method for tuning the controllers fairly is
proposed. The motion control performance and safety of the robot are quantified using root mean
square error (RMSE) between the desired and actual joint angle trajectories and maximum impact
force (MIF), respectively. The results show that the RMSE values are similar when the CEA, SEA,
and HPEA drive the robot’s first joint. Regarding safety, using the PA or HPEA with a compliant
covering can reduce the MIF below the safety limit established by the International Organization for
Standardization (ISO). To satisfy this ISO safety limit with the CEA and SEA, a collision detection and
reaction strategy must be used in addition to the compliant covering. The influences of the compliant
covering’s stiffness and the detection delay are also studied.

Keywords: robot safety; robotic arm; robot manipulator; series elastic actuator; pneumatic
actuator; hybrid pneumatic—electric actuator; actuator control; collision detection; collision
reaction; compliant covering

1. Introduction

Robotic arms operating close to people are becoming increasingly common. Industrial
applications of these robots include assisting workers with assembly tasks, while non-
industrial applications include “assistive robots” for improving the quality of life of older
adults and people with disabilities. These applications require robots that combine safety
with performance in terms of their motion control. However, the conventional actuators
used to drive the joints of robotic arms—namely, electric motors coupled with harmonic
drive transmissions (HDT)—emphasize motion control performance over safety. The
conventional electric actuator (CEA) and its control system are designed for high stiffness.
In addition, the reflected inertia of the motor at the output of a CEA is amplified by the
square of the HDT’s reduction ratio (typically 100:1 or higher). The high stiffness and
amplified inertia combine to give a CEA a large mechanical impedance. A large impedance
produces large contact forces when collisions with the arm occur, potentially causing
serious human injuries.

Researchers have developed several alternatives to the CEA with the goal of increasing
the safety of human-robot collisions without sacrificing motion control performance. The
most well-known of these is the series elastic actuator (SEA). With an SEA, a spring is placed
between the output shaft of an electric actuator (consisting of a motor rigidly coupled to
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a transmission) and the robot’s link. This partially decouples the inertias of the electric
actuator and the link, which increases the robot’s safety. The disadvantage of including this
spring is that it makes achieving fast and precise position control more difficult. The SEA
was first proposed in [1] and continues to be further studied and developed by researchers,
e.g., [2-4]. Pneumatic actuators (PA), such as pneumatic artificial muscles and pneumatic
cylinders, have also been used to power robot joints, as in [5-7]. A PA can produce large
torques without a gearbox or other transmission, so its inertia is lower than a CEA's.
This, along with the natural compliance of air, makes a PA inherently safer than a CEA.
The drawback is that its slow response, compliance, and nonlinear dynamics make a PA
difficult to control precisely. Actuators combining a PA with an electric motor have also
been developed for robotic applications. These are termed “hybrid pneumatic-electric
actuators” (HPEA). A common design for an HPEA consists of a PA connected in parallel
with an electric motor, as in [8-12]. This actuator benefits by combining the high torque
provided by the PA with the fast torque response of the electric motor. Unlike the CEA, the
torque provided by the PA allows a small transmission ratio (or even no transmission) to
be used with the electric motor. This keeps the total inertia of the HPEA low and makes it
inherently safer than a CEA. The disadvantage of an HPEA is that its complex dynamics
make precise position control difficult.

Regarding human-robot impact modeling and testing, employing linear mass-spring-
damper models and computer simulations is the most common approach in the literature,
e.g., [13] and its included references. Alternatively, in [14], a finite element simulation of a
Comau SMART NS 16 industrial robot and an ES-2 crash test dummy was developed and
used to simulate collisions with a seated human'’s head, chest, and pelvis. Experimental
collision results for an industrial robot colliding with a mechanical apparatus simulating
part(s) of a human have been reported in [13,15,16]. Testing procedures and results for
numerous head and chest collision scenarios between Kuka LWRIII, KR6, and KR500 robots
and a Hybrid III crash test dummy were reported in [15]. In [13], a PUMA 560 robot collided
with an apparatus employing a mass and spring to simulate the human head and neck. A
Universal Robots UR3e robot, Franka Emika FE robot, and ABB GoFa robot were tested
for collisions with a force measurement device consisting of a mass-spring-damper in [16].
The stiffness of the spring was changed to mimic the stiffnesses of different regions of the
human body. In all of these prior works, the robots were actuated using CEAs, and no
collision safety comparisons of CEA-, SEA-, PA-, or HPEA-actuated robots were included.

The main contribution of this paper is a detailed simulation study comparing the
motion control performance and collision safety of a robotic arm driven by a CEA, SEA,
PA, or HPEA. The influences on the safety of adding a compliant covering to the arm and
of using two different collision detection and reaction strategies are also studied. Most
of the arm’s parameters are based on the Universal Robots UR5 robot since it is one of
most popular collaborative robots in use today. The simulations include sensor noise and
modeling error to improve their realism. In addition, a systematic method for tuning the
controllers fairly is proposed.

The paper is organized as follows. An overview of the robotic arm, collision types and
general system structure is presented in Section 2. The dynamic models of the robot and
the four actuators are presented in Section 3. Section 4 presents dynamic models of the
human-robot collisions. The design of the actuator controllers and robot collision reaction
strategies are presented in Section 5. Section 6 presents the configuration, results, and
discussion of the simulation study. Finally, conclusions are drawn in Section 7.

2. System Overview

Robotic arms with six revolute joints are the most common type. These joints allow
the robot to move its end effector (EE) with six degrees of freedom (6-DOF). The first joint
moves all of the other links and joints, so it is moving the most inertia compared with
the other joints. This means motions involving the first joint are the most likely to cause
dangerous collisions. Simplifying the problem from moving six joints to moving only one
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is also expected to yield a better understanding of the roles of the actuators, compliant
covering, and collision reaction strategies in improving people’s safety. Consequently, a
robot with a single joint representing the first joint of a 6-DOF industrial robot is studied in
this paper.

As discussed in [17], the assurance of robot safety is a complex topic, involving various
functional requirements, collaboration variants, standardizations, and safety mechanisms.
In this paper, since brain injuries are the most serious, only collisions with the human head
are studied. Although the collision could occur anywhere on the robotic arm, the most
likely location is its EE. Since the EE usually has the largest linear velocity, this collision
location will also tend to produce the largest impact force and most serious collision. For
these reasons, we assume the collisions take place at the EE. Two main types of impact can
occur when the EE hits a person’s head. The first type happens when the head can move.
This is called an “unconstrained impact”. The second type can occur when a human is close
to a heavy or fixed structure (e.g., a table or wall) such that they cannot move away from
the robot and their head is fixed when the collision happens. This second type is called a
“constrained impact” or “clamped impact”. In this paper, both impact types are studied.

The general system structure, consisting of the control system, actuator, robot, and
human head, is shown in Figure 1. The desired joint position, velocity, and acceleration,
as well as the position and velocity feedback, are input into the position controller. The
position controller outputs the desired torque and/or the desired pressures (which are
required with the PA and HPEA). The inner loop controller controls the actuator’s output
torque. With the SEA, it uses motor and joint position feedback. With the PA and HPEA, it
uses pressure feedback. A CEA typically uses a motor driver to control the output torque
in an open-loop manner and does not employ torque feedback. The contact torque caused
by the contact force between the EE and the head (when that contact occurs) is subtracted
from the actuator’s output torque. Friction torque (not shown) also reduces the torque that
drives the arm. The remainder of the blocks represent the sensors that provide feedback to
the controllers.

Desired position, Desired
velocity, and torque and/or Actuator Joint
acceleration | position | Pressures [ loop . torque Robofic position
— | controller ™ controller > Actuator _’O_> arm >
A )
Joint velocity Motor position Contact torque
Joint position feedback or pressure A |
feedback Poo— feedback Sensors Human :EE position Tl
differencing and head
LP filtering
T Position
sensor

Figure 1. Structure of the system.

3. System Modeling
3.1. Robotic Arm Dynamics

The robotic arm model is shown in Figure 2. Joint 1 rotates the arm in the horizontal
plane shown. The mass of the payload carried by the robot is termed 114,044, and Ly is the
distance from joint 1 to the EE. The inertia of all of the links (and other joints) about joint 1
is termed [;.
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Y mpayload

Figure 2. Model of the robotic arm rotating about joint 1.

Taking the torques from contact with the human’s head, tcT;, into consideration, the
dynamics of the robotic arm are given by:

Ta1 — Tr1 — Teri = L 1)

where 747 is the actuator torque, 7r; is the friction torque, I,1 is the combined moment of

inertia of links 1-6, the payload, and the actuator; and 6, is the angular acceleration of joint
1. As will be seen in the following sections, the equation for I,; depends on the actuator
being used.

3.2. Conventional Electric Actuator

The CEA used with robot joints consists of a DC motor rigidly coupled to a transmis-
sion. Typically, the transmission is a harmonic drive transmission (HDT) since they are
lightweight and do not suffer from backlash. The structure of the CEA is shown in Figure 3.
The desired actuator torque, T414, is input into the motor driver which controls the current
such that the motor outputs a torque of Tjs1. This torque is multiplied by the HDT gear
ratio, Rg1, to produce the actuator torque, 741. The HDT also magnifies the friction torque.
The equation for the actuator torque is simply:

Ta1 = Rgtan )
HDT .
Tt Motor and Tan R A
> motor driver gl '

Figure 3. Schematic of the CEA.

Since the output shaft of the HDT is rigidly coupled to link 1 and only joint 1 is moving,
the inertias of the motor and links 1-6 are combined in the dynamics. The motor inertia, J3,
friction torque, Tprr1, and gear ratio, Rgq, are included in the robot dynamics as follows:

Tal — Tcr1 — TMF1Rg1 = 1161 3)
where the value of I,q for the CEA is:
In = Ilel2 +h+ mpuyloadL12 4)

The motor friction torque in (2) is modelled as a combination of Coulomb friction
(representing both static and kinetic friction) and viscous friction. Its equation is:

TC1 éMl =0and iy > 11
- _ —TC1 Op1 = 0and 11 < —TC1 5)
MF1 TM1 0M1 = 0and |TM1| < Tc1

Tc15gn(9M1) +Cota1 O #0
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where 6 Ml = Rglél is the angular velocity of the motor, 71 is the Coulomb friction torque,
and C,; is the coefficient of viscous friction.

3.3. Series Elastic Actuator

With an SEA, the rigid connection between the output shaft of the transmission and
the link is replaced by a torsional spring, so the transmission and the link are not rigidly
coupled. With this actuator, the robot dynamics are given by:

Ta1 — Ter1 = Inby (6)
where the value of I, for the SEA is:
Iy = I + Mpayioaals® 7)
Assuming the spring’s mass is negligible, the actuator torque is simply:
Ta1 = Ko (??A:; - 91) (8)

where Kj; is the spring’s stiffness. The acceleration of the motor is given by:

- ™1 — TMmF1 — (Ta1/Rg
O = i ( 2) 9)

where the motor friction torque, Tjr1, can be calculated using (5).

3.4. Pneumatic Actuator and Hybrid Pneumatic—Electric Actuator

Schematic diagrams for a PA and a HPEA are given in [7,10], respectively. Equation (1)
may be used to represent the robot dynamics for both the PA and HPEA. The equations in
this section are based on the models presented in [10,12]. The PA consists of two pneumatic
cylinders rotating the output shaft using a dual rack and pinion mechanism. The output
shaft is directly coupled to the arm. The inertias of the pistons, rods, and gears are negligible
compared to the arm’s inertia, so 1,1 is given by (7).

Similarly, for the HPEA, the motor is directly coupled to the arm and its inertia
is negligible compared to the arm’s inertia, so (7) applies again. The HPEA's torque is
given by:

TA1 = Tp1 + TM,HPEA (10

where Ty ypE 4 is the torque from its electric motor, and Tp; is the torque from its pneumatic
actuator. With the PA, 7j; gpea = 0. The pneumatic torque for both the PA and HPEA is
given by:

Tp1 = Tpr (11)
where 7, is the pinion gear’s pitch radius, F, is the PA force (provided by the two cylinders

working together), and:
Fy = Ag(Py — Do) (12)

where Ay is the cross-sectional area of each PA chamber group (CG); and Py, P, are the
pressures inside CGs 1 and 2, respectively. The dynamic equation for each CG is:

ViPj +kP;V; =mikRT, j€ {1,2} (13)
From this equation the derivative of pressure can be written as:

by = (kRT kP V;) /V;, j € {1,2) (14)
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where m j is the mass flowrate into the CG, k is the ratio of specific heats for air, R is the
universal gas constant, T is the air temperature, P; is the CG pressure, and V] is the CG
volume. The CG volumes are defined by:

{Vl =Vn+ Agrpe (15)

V2 = V02 — Ag?‘pe

where V(; and V( are CG volumes when 6 = 0. Modeling air as an ideal gas, m]» can be
obtained by:
m; = Agjpj, j € {1,2} (16)

where Avj is the orifice area for each valve, and y jis obtained using:

Pyj Paj

Clcfﬁ Py < Per ]
Hj= P /Py Lk P\ -1/k  p, ,je{12} (17)
G (w) 41— (52) 7l > Py
VT \ Fyj Pyj Py

where P,; is the pressure upstream of the valve, Py; is the downstream pressure, Cy is the
discharge coefficient of the valve, C; and C; are dependent on the ideal gas constant and
specific heat ratio for air, and P, is the critical pressure ratio that differentiates subsonic and
sonic flows inside the valve. Assuming the supply pressure, Ps, and atmospheric pressure,
P,ty,, are constant:

P, A, >0 |

P, = / ,i€e{1,2 18

” {P1 Ango] {1,2} (18)
P Ay >0

Piy=4 ' U7 je{1,2} (19)
Patm AijO

The orifice area for each valve is given by:
Avj = ujAvgain/ je{1,2} (20)

where u; are the valve input voltages, and Ay, is a valve-dependent constant.
Finally, the friction force in (1) is given by:

rpFngn(él) + Cz,f91 91 #0
Tp1 = rpFp 61 =0A|F)| <F (21)
rpFssgn(Fy) otherwise

where F. is the Coulomb friction force, F; is the static friction force, and C, £ is the viscous
friction force coefficient.

4. Dynamic Models of Human-Robot Collisions
4.1. Constrained Impact

A model for the constrained impact scenario described in Section 2 is presented in this
section. The simplified model for the human’s head at the impact location is a linear spring
with its far end fixed, as is shown in Figure 4.

Assuming the link is infinitely stiff, the contact force is given by:

Frontact = { 0 Xrobot = Xhead (22)
contact —
Kheud(xheud - xrohot) Xrobot < Xhead
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F contact —

where X501 = L1 cos 6y and xj,,y is the position of the head (which corresponds to the
right end of the spring in the figure). Assuming the spring’s deflection is small, the contact
torque for this head location is simply:

Tcr1 = LiFeontact (23)

Another case occurs when a compliant covering made of elastomeric foam is added to
the robot. We assume the foam may also be modelled as a spring, with a stiffness of K¢ogp,-
In this case, when the impact happens, the spring stiffness can be replaced by the stiffness
of two springs in series:

KheadK foam

Ksym = ——m——
s Khead + Kfoam

(24)

However, a real compliant covering will have a lower thickness limit where it cannot
be further compressed so it becomes effectively rigid. For a compliant covering with an
uncompressed thickness of d sy, and a lower thickness limit of dp;n, the contact force is
given by:

0 Xrobot — dfoum 2 Xhead
Ksum (xhead + dfoum - xrobot) Xrobot — dfoam < Xnead N dfoam - dp > dmin (25)
Khead (xhead + dfoam — Xrobot — dp) otherwise

where d), is the compressed thickness of the covering. It is given by:

X +d —x
dp _ min( head foam robotldﬂmm . dmin) (26)

Kfoam / Kheaq + 1
Khead
T mpayload

X

Figure 4. Human head model for constrained impact.

4.2. Unconstrained Impact

The second impact type studied in this paper occurs when the robot hits a person’s
unconstrained head. Since the head can move during the impact, xj,,4 is no longer a fixed
value, and the model must include the head’s mass and the neck dynamics. Using the
model from [13], the neck can be simplified as a spring with the stiffness K, in series
with a damper with the damping coefficient C,,, as is shown in Figure 5. The acceleration
of the head is then:

—Feontact + Kneck(xheado - xhead) — CheckXhead 27)
Mpead

Xhead =

where X440 is the equilibrium position of the head and 1y, is the mass of the head.
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Kneck Khead
Mhead
:'— _\/\/\-| mpayload
Cneck

Figure 5. Human head and neck model for unconstrained impact.

5. Actuator Controllers and Robot Collision Reaction Strategies
5.1. Controller for the Conventional Electric Actuator

We begin by dividing the commanded motor torque into two parts. The model-based

feedforward part is:

1

T™MIf = Re1 [1014 (28)

where [, is the estimated value of I,;, and éld is the desired angular acceleration of the
joint. The feedback part is:

a

1 A . A
e = g Ky (610 = 1) + K (6161 )| 9)
8

where 6;; and Qld are the desired joint angle and desired angular velocity of the joint,

respectively; f; is the sensed joint angle; and 8 is the joint velocity estimated by backward
differencing and low-pass filtering 6. Combining the feedback and feedforward parts, the
equation for the commanded motor torque, Ty, is:

1. [ \ S )
™1 = R, 014 + Kp1 (614 — 01) + Kin <91d - 91)} + Tvr1 (30)
g

where |Tpr1| < Tmax1, and Tagp is the estimated friction torque which is given by:

1 éMl =0and 7y > Tt

R *’f’c1 éMl =0and ™ < *"L\'Cl

M1 = .\ . (31)
™M1 Oy1 = 0and |Tan | < Ty

fc1sgn(9M1) +Co1Opn O #0

In order to tune the controller systematically, further derivation is necessary. First,
after transforming the time domain equations to frequency domain equations, with an
abuse of notation, (30) can be rewritten in the form:

1. A A .
= p—ln {529101 + Kp1 (614 — 01) + Kgis (614 — 91)} + TMmF1 (32)
g

When 1c11 = 0, from (3):
_ Ta1 — R tmm

g, — AL TglTMHEL
1 Irl 52 (33)
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Assuming the model is perfect, we have: I,; = I,;. Then, by combining Equations (2),
(32) and (33), we obtain the position error equation:

(2 + Kars + Kpn ) (01 — 1) = 0 (34)
After equating the coefficients of this error equation with the standard second-order

form (52 + 20 w,q8 + wyg?)E(s) = 0, the equations for the controller gains are obtained
as follows:

Ky = Wyt (35)
Kiy = 2{nwpg and (36)
anbw

Wy = ————2 (37)
Ton +\/1+ln?

where w41 is the desired closed-loop natural frequency, {4 is the desired closed-loop
damping ratio, and f,, is the desired closed-loop bandwidth.

5.2. Controller for the Series Elastic Actuator

The SEA is controlled using an outer position control loop with an inner torque control
loop. The torque control loop in this section is based on the force control loop presented
in [1]. Its structure is shown in Figure 6.

B} o
Tua|  Torque Tu O | oo [On | 1| R T
—> Controller Motor > LL "z, — )— K, >
X
L HDT
1 HMI_ Motor
le = le— Position
¢l Sensor
Joint
Q\, Position b,
Sensor

Figure 6. Structure of the torque control loop for the SEA.

The position control loop uses this common PD plus acceleration feedforward
controller:

Tatd = 11614 + Kap1 (614 — 61) + Kaat (91d - 91) (38)

where K1 and Ky are the proportional and derivative gains, respectively. The PD plus
torque feedforward and acceleration feedback torque controller is:

T JiRg1 . . . 5 L.
= A 28t i+ Kept (Targ — Ta1) + Kear (Tawa — Ta1) + Kot iRg1 61+ tr1 (39)

™1
Rgl K

where |Ty1| < Tmax1; Kep1 and Kqg; are the proportional and derivative gains, respectively;
Ky, is the inertia compensation gain; fy is the estimated motor inertia; and  is the estimated
joint angular acceleration. Note that 8 is calculated by backward differencing and first

order low-pass filtering 0;. Equation (31) is used to calculate the estimated friction torque,
tr1, the same as with the CEA. The torque derivatives used in (39) may be obtained

as follows: .
) 0 .
TAl —Ks1<RMl—91> (40)

g1
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Tara = I 014+ Ko (91d - 91) + Kaat (ém - 91) (41)

Tara = I 014+ Kap (éld - 91) (42)

Note that we did not include the K ( 01— 0 1) term in the 7 414 equation since the

third derivative of §; contains excessive high frequency noise.

In order to tune the controller systematically, a derivation similar to the one conducted
for the EA can be conducted for the SEA. First, the time domain equations are transformed
to frequency domain equations. Then, with an abuse of notation, 74, can be written in

the form:
TA1 1
Tal = ™1~ 5 | 5= —th
' K ! Rg1>hRg152

Next, Tj1 can be written as:

Ks 1 (43)

1 A Rgl
==+
M1 <R31 1%,

Sz) Tata + (Kears + kept ) (Targ — Ta1) + Kyt iRg1s%01 + tp1 - (44)

Substituting Equation (44) into (43), with K;; = 1, and assuming we know the motor
inertia perfectly (i.e., ; = J;), we obtain the torque error equation:

(hRg1252 + K1 Keg1Rg18 + K Ko + Ksl) (Tata —7a1) =0 (45)
Equation (38) can then be written as:
Ta1q = L5014 + Kaans (610 — 01) + Kgpa (614 — 01) (46)

Assuming the model is perfect, we have: L1 = I,1, then combining (6) (with Tc1; = 0)
and (46) gives the position error equation:

(Ir152 + Kja1s + del) (614 —61) =0 (47)

After equating the coefficients of the error equations, (45) and (47) with the standard
second-order form, the equations for the controller gains are obtained as follows:

_ JiRg12wn im* — Ko

= 48
Tpl Ko Rgl (48)
2J1R 1 Cin W i
= ]1 gll’ilril n,inl (49)
s
del = frlwn,outlz (50)
Kddl = 2IArlé’outlWn,outl (51)
anbw
Whoutl = and (52)
goutl + \/ 1+ é'outl2
Wy inl = 5wn,outl (53)

where wy, o1 and ;41 are the desired closed-loop natural frequency and damping ratio of
the outer position control loop, respectively; and w, ;,1 and {;,,1 are the desired closed-loop
natural frequency and damping ratio of the inner torque control loop, respectively.
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5.3. Controllers for the Pneumatic Actuator and Hybrid Pneumatic Electric Actuator

The PA will be controlled using an outer loop position controller with inner loop
pressure controllers for each CG [10]. The PD plus acceleration feedforward position
controller is:

Ty1a = Ln61a + tr1 + Kpp1 (012 — 61) + K (éld - 91) (54)

where K,,1 and K’ dp1 are the proportional and derivative gains, respectively; and T is
obtained using:

rpﬁcsgn ((%) + Cvfé1 0, #0
T = N A . . 55
H rpk, 6, =0N|E)| < E 9
rpFisgn(Fp) otherwise
where:

Fy = Ag(Py — Py) (56)

and P; and P; are the sensed pressures of CG 1 and 2, respectively.

When the HPEA is used, the position controller for the electric motor is:

T PEA = Kpnrt (010 — 1) + Ky (814 — 01) (57)

where |Tar gpea| < TV HPEAmax; and Kpm1 and Ky are the proportional and derivative
gains, respectively.

In order to tune the position controllers systematically, a derivation similar to the one
for the SEA was performed. The controller gains are then given by:

Kpp1 = hiwyp;m® (58)
K' g1 = 2118 p1wn p1 (59)
Kpm = Lnwnm? (60)
Kam = 2Ln&miwnm (61)

_ 271 fiy
Wy,p1 = it \/m and (62)
Whml = 5wy p1 (63)

where wy, ;1 and {p are the desired closed-loop natural frequency and damping ratio of
the outer position control loop, respectively; and w,, ;1 and {,,; are the desired closed-
loop natural frequency and damping ratio of the HPEA motor’s position control loop,
respectively.

The equation for the inner loop model-based pressure controller used with the j CG,
j € {1,2}, are as follows:

Pj = Pig + K'y1 (Pg — B}) + Kﬂ/ (Pyg — 7))t (64)

g = (KPV;+ P;V;)/ (KRT) (65

uj = %/ 1/{]| < Upglvemax (66)
,udevgain

1
Pg = E(Patm + Ps + APyy) (67)
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PZd = E(Pﬂtm + P — Apld) and (68)

APy = 114/ (Agrp) (69)

where mdj is the mass flowrate into the jth CG; P14 and Py are the desired pressures for CG
1 and 2, respectively; and K’,; and Kj; are the proportional and integral gains, respectively.

Since the inner loop controller is PI-based rather than PD-based, the equations for
systematically obtaining the controller gains must be derived differently. First, the model
of the CG pressure dynamics is rewritten as follows:

P=F+Gm (70)
KP,V; KRT . .
where F = — v and G = a/A The controller equation may then be rewritten as:
titg =[P4+ K p1(Py = P) + Ky [ (Py— P)at — F]/6 71)

Assuming F = F, G = G, and 1 = 114, and substituting (71) into (70) gives:
P=Py+K (P —P)+ Kﬂ/ (P, — P)dt (72)
Defining e, = P; — P and transforming (72) to the frequency domain, we obtain:

(s> + K'p1s + Kin)Ep(s) = 0 (73)

Finally, equating the coefficients of (73) with the standard second-order form, the
following equations for the controller gains are obtained:

K'p1 = 20wy (74)
Kii = wyz1” and (75)
Wy dl = 5wn,p1 (76)

where w,, 51 and {; are the desired closed-loop natural frequency and damping ratio of the
inner pressure control loop, respectively.

5.4. Collision Reaction Strategies

Collision detection and reaction is another method for potentially reducing the impact
force. We investigated two collision reaction strategies. The first strategy is to turn the
actuator off immediately after detecting the collision. This strategy is abbreviated as “TAO”.
The second strategy is to rapidly withdraw the arm when the collision is detected. This
second strategy is abbreviated as “WTA”. These strategies were used with all of the
actuators, but the way they were applied depended on the specific actuator. For the CEA
and SEA, we set T);; = 0 when using TAO and set Tp1 = —Tmax1 With WTA. For the PA,
we set U1 = Up = —Uygipemax With TAO and 11 = —uUyu1pemax aNd Up = Uygipemax With WTA.
With the HPEA, we additionally set Tp ypra = 0 with TAO and Ty gpeA = —TM HPEA max
with WTA. Of the two strategies, the WTA is riskier since it involves the actuator applying
torque to the arm, which could make the collision worse or cause a secondary collision if
the software or hardware malfunctions.

6. Motion and Collision Simulations
6.1. Simulation Overview

The simulations were programmed in Matlab using m code. The velocity Verlet
integration method was used since it is computationally efficient and provides greater
numerical stability and accuracy than the more commonly used Euler integration method.
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A short integration timestep of 1 x 107> s was used to further improve the accuracy. The
desired trajectory used for all of the simulations was designed to have large accelerations
and velocities during the first 2 s to test each actuator’s ability to track a challenging motion
trajectory. After 2 s, the desired joint velocity was set to 0.25/L; rad/s. The human’s head
was located such that the collision happened after 2 s. This means the desired linear velocity
of the EE was 0.25 m/s when the collision occurred. The value of 0.25 m/s was chosen since
it is the highest speed permitted by the International Organization for Standardization
(ISO) robot safety standard (ISO 10218-1:2011 [18]) when a human is within reach of a robot
arm. A quintic spline trajectory was used since it produces the smooth jerk trajectory that
is required by some of the controllers. At the timest=0,0.5s,15s,1.5s, and 2 s the desired
joint angles in rad were: 1.257, 0.785, 0.393, 0.785, and 1.471. The desired joint angular
velocities in rad/s at these times were: 0, —1.8/L1, 0, 1.8/L; and 0.25/L;. The desired
accelerations at these times were zero. The minimum and maximum desired EE linear
velocities were —1.8 m/s and 1.8 m/s. The magnitude of the maximum desired EE linear
acceleration was 6.8 m/s?.
The parameters used in the simulations were as follows:

1.  Robot parameters (L; and I; are the same as a UR5 robot): L1= 0.85 m [19], ;= 4.75 kg -
m? (derived from the equations in [19] and the parameters in [20]), and #1,51000= 3 kg.

2. CEA and SEA parameters (R¢1, Tmax1, Tc1, and Cy are the same as joint 1 of the UR5
robot): Kg1= 20 kN/rad, Rg1= 100 [20], Tnax1= 1.5 Nm [20], Tc1= 0.165 Nm [20], and
Cy1= 0.0040 Ns [20].

3. PA and HPEA parameters: A;= 0.0044 m? (for two SMC CQ2A40TN-75DMZ cylin-
ders), Aygain = 2 X 107 m2/V (Enfield LS-V05s proportional valve), C;= 0.0404,
C=0.156, C;=0.539, C,y=355Ns/m, F=104N, FK=144N, Ps=6bar,
rp=0.0315m, Uyzrpemax= 10V, and Ty, gpEA,max= 11.6 Nm (MTI Torque Systems,
T0852J0001, brushless servomotor).

4. Controller parameters: f;,,,= 3 Hz, all desired {= 0.7, and 0.001 s sampling period.

5. Human head and neck parameters: my,,; = 4.4kg [21], Kj,pq = 150 kN/m [21],
K, ecr= 5 kN/m [13], and C,;ecx= 130 kNs/m [13].

6.  Initial thickness and lower stiffness limit of the compliant covering: d ¢y, = 0.01 m
and dp;n= 0.0025 m.

7. Stiffness of the compliant covering used to obtain the results in Figures 13 and 14:
Kfoam= 15 kN/m.

6.2. Sensor Noise and Modeling Error

To make it more realistic, the simulation included joint angle encoder quantization
noise, pressure sensor noise (with the PA and HPEA), and a mismatch between the friction
model used by the model-based controllers and the simulated robot.

The chosen encoder was a QR-12 optical encoder made by Quantum Devices. It is a
high-resolution encoder, with a resolution of 80,000 counts/rev. Its quantization noise was
simulated by setting the sensed joint angle equal to: (277/80,000) - round((80,000/27)6;),
where round() is the standard rounding function. Regarding the pressure sensors, the
sensed pressures were obtained by adding 0.1% uniformly distributed random noise to
the ideal pressures. This noise level is typical for the pressure sensors used with the PA
and HPEA.

To introduce friction mismatch, the friction parameters used by the model were 25%
smaller than the values used by the plant. Specifically, for the electric motor and SEA,
t¢1 was estimated as 0.757¢1, C,1 was estimated as 0.75C,;; and for PA and HPEA, F,, £,
and CU £ were estimated as 0.75F, 0.75F;, and 0.75C,, - Additional error in the controllers’
friction compensation terms was caused by their use of the estimated velocities.
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6.3. Simulation Results and Discussion
6.3.1. Motion Control

The motion control performance of the four actuators was studied first, followed by a
study of the actuators, compliant covering, and collision reaction strategies effects on safety.
The motion control results for the robotic arm driven by the CEA, SEA, PA, and HPEA
are shown in Figures 7-10, respectively. Only the first 2 s of the simulations, where the
demanding motion trajectory occurs, are studied in this section. Note that the controllers
for all of the actuators were tuned (using the equations given in Sections 4.1 and 4.2) with
the same desired closed-loop bandwidth and damping ratio values (given in Section 5.2).
The CEA has the best performance. Its tracking errors are less than 3.5 mrad and its RMSE
is 1.7 mrad. The SEA has the third-best performance with a RMSE of 2.5 mrad and errors
less than 5 mrad. The motors and gear ratios used with these actuators were identical, so
they are not the reason for the difference in performance. Comparing the CEA and SEA
torques shown in Figures 7b and 8b, the CEA torque has a high frequency component that
is missing from the SEA torque. This high-frequency torque (which was filtered out by the
SEA’s spring) is the main reason for the CEA’s better performance. The PA has the worst
performance, with errors as large as 40 mrad and a RMSE of 15.2 mrad. This is partly due
to the much larger difference (i.e., about 7 Nm) between the estimated friction torque (used
by its controller) and the actual friction torque shown in Figure 9d, when compared to the
differences shown in Figures 7d and 8d. The larger friction torque is caused by the seals
of the PA. Another reason for its poor performance is that the PA is not able to produce
enough torque to produce the desired acceleration in the presence of this friction torque. In
contrast, the HPEA produced the second-best performance (with a RMSE of 2.2 mrad and
errors of less than 5.5 mrad) even though its friction torque is almost identical to the PA’s.
The reason is the small additional torque (i.e., less than Ta; gFpEA max = 11.6 Nm) provided
by the HPEA's electric motor. This difference may be observed by comparing the curves in
Figures 9b and 10b.
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Figure 7. Motion control results for the robotic arm driven by the CEA: (a) desired and actual joint
positions, (b) actuator torque, (c) joint position error, and (d) estimated and actual friction torques.
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Figure 8. Motion control results for the robotic arm driven by the SEA: (a) desired and actual joint
positions, (b) actuator torque, (c) joint position error, and (d) Estimated and actual friction torques.
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Figure 9. Motion control results for the robotic arm driven by the PA: (a) desired and actual joint
positions, (b) actuator torque, (c) joint position error, and (d) estimated and actual friction torques.
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6.3.2. Collision Safety

The safety of collisions without the robot using collision detection and reaction is
discussed here. The impact forces for the four actuators and a constrained impact of the
EE with the head, with no compliant covering added to the robot, are plotted in Figure 11.
Only the last second of the simulation is shown since that is when the impact occurred.
Since the robot kept trying to follow the desired trajectory and move its EE at 0.25 m/s, the
impact forces do not diminish to zero. Using the CEA produced the largest MIF of 474 N,
while using the PA produced the smallest MIF of 332 N. While this relative decrease in MIF
matters, it is important to note that the ISO standard establishing safety requirements for
collaborative robot applications (ISO/TS 15066:2016 [21]) specifies that the maximum force
that should be applied by a robot to a person’s head is 130 N. According to this 130 N limit,
all of the impacts shown in Figure 11 are unsafe. The impact force results with the impact
type changed from constrained to unconstrained are shown in Figure 12. The compliance
of the neck clearly reduced the forces significantly and also allowed the oscillations to
decay in roughly 0.5 s. Even so, the MIFs are all well above the 130 N limit. The results
for the constrained and unconstrained impacts when the 1 cm-thick compliant covering
has been added to the robot are shown in Figures 13 and 14, respectively. Comparing
Figures 11 and 13, we can see that adding the compliant covering has both reduced the
magnitude of the forces and reduced the duration of their oscillations, with the exception of
the SEA. With the SEA, the oscillations continue to grow until they reach a limit cycle with
an MIF of 316 N (not shown in the figure). This is caused by energy being passed between
the SEA’s motor and spring and between the spring models of the compliant covering and
head, which leads to a mechanical resonance. Unfortunately, in Figure 13, the MIFs for
all actuators still exceed the 130 N limit. In Figure 14, when compared to the results in
Figure 12, we can again see reduction produced by adding the compliant covering. The
MIFs for the CEA and SEA still exceed the 130 N limit, but the MIF for the PA is only 106 N,
so it is well below the limit. The MIF for the HPEA is 129 N. It is less safe than the PA due
to the torque added by its electric motor, but its MIF still does not exceed the 130 N limit.

15 (a) 100 (b)
— Actual
. «+= Desired E 50
g s2
£ 8 Sg O
£= 5 3
S o5 <5
0 -100
0 1 2 0 1 2
Time (s) Time (s)
10 (c) 40 (d)
Py — Actual
. 20 -+ Estimated 7
S~ 5 c § /f\‘\
= O o~ =~
© § S 8
» £ =
£= 0 s
5 -40
0 1 2 0 1 2
Time (s) Time (s)

Figure 10. Motion control results for the robotic arm driven by the HPEA: (a) Desired and actual joint
positions, (b) actuator torque, (c) joint position error, and (d) estimated and actual friction torques.
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A second series of simulations was performed to study the potential safety benefits
of collision detection and reaction. The combination of compliant covering with collision
detection and reaction was also investigated. Since the MIF for the unconstrained impacts
without collision reaction can be less than the 130 N safety limit (specifically when the
robot uses a compliant covering and is driven by either the PA or HPEA), only constrained
impacts are studied in the remainder. Rather than showing many impact force vs. time
plots, the MIF values are plotted vs. the compliant covering stiffness in Figure 15 for the
four actuators when using no reaction (NR) to the collision, the TAO reaction strategy, and
the WTA reaction strategy. The collision detection and reaction delay (DRD) was set to
25 ms. With all of the actuators, these results show that there is an optimal value of the
compliant covering stiffness that minimizes the MIF. This may seem unintuitive since less
stiffness would normally reduce the impact force. The reason for the MIF increasing with
less stiffness than its optimal value is that the covering reaches its lower thickness limit
during the impact, so it stops absorbing the kinetic energy of the collision. The curves
in part (a) show that the CEA benefits the most from employing collision detection and
reaction. Comparing the MIF values at the optimal stiffnesses, the TAO strategy reduces
the MIF from 202 N to 162 N, and the WTA strategy reduces it further to 82 N. The curves
in part (b) show that the TAO and WTA are also necessary for the MIF produced by the
SEA to be reduced below the 130 N limit. The reductions with the other actuators are
smaller but are not insignificant. As shown in part (d), using the TAO strategy with the
HPEA reduced the MIF from 121 N to 105 N, and using WTA reduced it to 88 N. It is also
interesting to note that the MIF for the PA (shown in part (c)) when using the WTA strategy
was also 88 N. After determining the benefits of the WTA strategy when the DRD equaled
25 ms, we simulated collisions using WTA with other DRD values to see their influence
on the collision safety. MIF vs. compliant covering stiffness curves for the four actuators
with DRD values of 5 ms, 25 ms, 50 ms, and 100 ms are plotted in Figure 16. These curves
show that the DRD value has a major influence on the effectiveness of the WTA strategy.
Comparing the NR curves in Figure 15 to the curves in Figure 16 with DRD values of
50 ms and 100 ms, it can be observed that the WTA provides little or no reduction in the
MIF for values of 50 ms or higher. The improvement with a DRD of 25 ms has already been
discussed. The improvement when the DRD is reduced to 5 ms is much greater as long as
the covering stiffness is chosen properly. The curves in parts (b)—(d) show that with this
5 ms DRD, the MIF can be reduced to almost zero when the optimal compliance covering
stiffness is used with the SEA, PA, and HPEA actuators. When used with the CEA, the
MIF is reduced to zero when a compliant covering with zero stiffness is used. This result
requires further explanation. With a 1 cm covering thickness, contact with the covering
happens when the head is less than 1 cm from the robot. With a DRD of 5 ms, the collision
is detected, and the reaction begins 5 ms after the initial contact. When using the WTA
strategy with the CEA, its maximum torque of 150 Nm is then applied to first decelerate
the robot and then accelerate it away from the person’s head. Obviously, a covering with
zero stiffness is impossible, but some form of proximity sensing on the robot could be used
to detect when the head is within the 1 cm air gap between it and the robot. After the DRD,
the robot’s rapid deceleration and acceleration with the CEA prevents physical contact
from happening, which is why the MIF is zero. While the MIF reductions using the WTA
strategy with a 5 ms DRD are impressive, it is important to note that a DRD of 5 ms is the
shortest delay reported in the literature, and it was achieved by a state-of-the-art research
robot [22]. The DRD values with other robots are likely to be 25 ms or more.
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Figure 11. Impact force results for a constrained head impact when no compliant covering or collision
reaction is used. The actuators used are: (a) CEA, (b) SEA, (c) PA, and (d) HPEA.
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Figure 12. Impact force results for an unconstrained head impact when no compliant covering or

collision reaction is used. The actuators used are: (a) CEA, (b) SEA, (c) PA, and (d) HPEA.
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Figure 13. Impact force results for a constrained head impact when a compliant covering is added to
the robot, with no collision reaction. The actuators used are: (a) CEA, (b) SEA, (c) PA, and (d) HPEA.
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Figure 14. Impact force results for an unconstrained head impact when a compliant covering is
added to the robot, with no collision reaction. The actuators used are: (a) CEA, (b) SEA, (c¢) PA, and
(d) HPEA.
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Figure 15. MIF vs. compliant covering stiffness when using no reaction (NR) to the collision, the TAO
reaction strategy, and the WTA reaction strategy. All results are for a constrained head impact with
the collision DRD set to 25 ms. The actuators used are: (a) CEA, (b) SEA, (c) PA, and (d) HPEA.
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Figure 16. MIF vs. compliant covering stiffness when using the WTA reaction strategy with DRD
values of 5 ms, 25 ms, 50 ms, and 100 ms. All results are for a constrained head impact. The actuators
used are: (a) CEA, (b) SEA, (c) PA, and (d) HPEA.

7. Conclusions

The motion control and safety of a robotic arm whose first joint was powered by four
different actuators was simulated for a variety of cases, including: constrained /unconstrained
head impacts, the addition of compliant covering, and the use of two collision detection and
reaction strategies. To improve the fairness of the comparisons, all of the controllers were
systematically tuned using the same desired closed-loop bandwidth and damping ratio.
Several conclusions may be drawn from this study. In terms of motion control, the CEA
had the best performance (RMSE = 1.7 mrad), followed by the HPEA (RMSE = 2.2 mrad),
SEA (RMSE = 2.5 mrad), and PA (RMSE = 15.2 mrad). With the exception of the PA, the
differences in RMSE are quite small.
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Greater differences between the actuators were observed when their safety (in terms of
the MIF values) was compared. When no compliant covering or collision reaction strategy
was used, for both constrained and unconstrained impacts, the MIF values for all actuators
exceeded the ISO’s 130 N safety limit. The addition of the 1 cm-thick compliant covering
reduced the MIF values for the PA and HPEA below the safety limit, for both impacts.
These results mean safe collisions are possible with the arm driven by either a PA or HPEA
without requiring any collision detection or reaction strategy. This is significant since
implementing a reliable collision detection and reaction system with a commercial robotic
arm would be both difficult and costly, compared to adding a compliant covering. With
a 25 ms DRD, the TAO and WTA collision detection and reaction strategies both reduced
the MIFs for the CEA and SEA significantly but had only a small effect on the safety of
the PA and HPEA. When using a compliant covering with an optimal stiffness, the TAO
strategy reduced the MIF with the SEA below the safety limit, while the CEA required
using the riskier WTA strategy to reduce its MIF sufficiently. If a very fast DRD of 5 ms can
be achieved by a robot’s hardware and software, then the simulation results show that the
WTA strategy, combined with a low-stiffness covering, can reduce the MIF to nearly zero,
regardless of the actuator being used. However, both strategies provided little or no safety
benefit for DRD values of 50 ms or more. In future, if sufficient funding can be acquired,
the experimental validation of these simulation results will be performed. Extending this
comparison study to include actuators with variable stiffness or variable impedance, as
in [23,24], is another area of future research.
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