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Abstract: Unlike “classical” industrial robots, collaborative robots, known as cobots, implement
a compliant behavior. Cobots ensure a safe force control in a physical interaction scenario within
unknown environments. In this paper, we propose to make serial robots intrinsically compliant
to guarantee safe physical human-robot interaction (pHRI), via our novel designed device called
V2SOM, which stands for Variable Stiffness Safety-Oriented Mechanism. As its name indicates,
V2SOM aims at making physical human-robot interaction safe, thanks to its two basic functioning
modes—high stiffness mode and low stiffness mode. The first mode is employed for normal
operational routines. In contrast, the low stiffness mode is suitable for the safe absorption of any
potential blunt shock with a human. The transition between the two modes is continuous to maintain
a good control of the V2SOM-based cobot in the case of a fast collision. V2S5OM presents a high inertia
decoupling capacity which is a necessary condition for safe pHRI without compromising the robot’s
dynamic performances. Two safety criteria of pHRI were considered for performance evaluations,
namely, the impact force (ImpF) criterion and the head injury criterion (HIC) for, respectively,
the external and internal damage evaluation during blunt shocks.

Keywords: cobot; V2SOM,; safety mechanism; safe physical human-robot interaction; pHRI; variable
stiffness actuator; VSA; collaborative robots

1. Introduction

Robotics was introduced into industry at the beginning of the 1960s. Several industries (e.g.,
automobile, military and manufacture) improved their productivity rates thanks to the use of robots,
taking advantage of their capabilities to execute repetitive tasks much faster than humans. Those
classical industrial robots generally executed the production tasks in highly secured cells, out of
the reach of human operators. Nevertheless, other tasks cannot be easily automated, and human
execution is therefore required, such as complex tasks or the manipulation of heavy loads. The use
of collaborative robots, known as cobots, emerges as a solution to improve the execution of those
tasks where a human is required. Unlike classical industrial robots, usually isolated to avoid physical
contact with humans, cobots actually coexist with them in a shared common workspace and cooperate
with them to accomplish the desired tasks. While a robot can magnify human capabilities, such as
their force, speed, or precision, humans can bring a global knowledge and their experience to jointly
execute the tasks [1]. With the fourth industrial revolution, the number of cobots has increased [2] and
they are being used more and more to assist well-experienced humans.
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Safety is the most important issue to solve before establishing collaborative tasks between humans
and robots, where a high risk of collisions between them is evident and may result in damage to
humans. In this context, research efforts are focused on the design of solutions to reduce the energy
transferred by the robot in the case of collision, decreasing the risk of injury for the human [3]. In this
regard, some basic solutions have been proposed. For instance, Park et al. introduce the use of a
viscoelastic covering on the robot’s body to reduce the impact forces [4]. Fritzsche et al. propose
monitoring the contact forces by providing the robot’s body with a tactile sensor used as an artificial
skin [5]. Furthermore, several control approaches have been proposed to provide the robot with
a compliant behavior while it executes a task. These compliant control strategies typically make
it possible to assign a dynamic relationship between the robot and the environment, enabling the
interaction behavior to be controlled by properly selecting the dynamic parameters. The compliant
behavior can be either implemented in the robot end-effector or in the joints, for the Cartesian or joint
space cases, respectively. A complete survey of the different collaborative control schemes can be
found in [6]. On the other hand, mechanical solutions have also been proposed to provide an intrinsic
compliance to the robot. Among these compliant mechanisms, variable stiffness actuators (VSAs)
allow the introduction of an intrinsic compliance to the robot joints [7]. These mechanisms are capable
of providing adjustable stiffness to the joints, which can be adjusted according to the needs.

Overall, two main approaches are well-respected for the human safety versus robot dynamics
trade-off. These approaches are summarized under active impedance control and passive compliance
(PC). The first approach suffers from a low latency in the case of blunt HR collision that reaches
up to 200 ms [8,9], which may endanger human safety. In contrast, passive compliance presents a
robust instantaneous response to uncontrolled HR shocks. In general, what makes robots intrinsically
dangerous is the combination of high velocities and massive mobile inertia [10]. This latter aspect
is a key feature in making cobots behave safely without limiting the desired dynamic performances,
that is, by decoupling the cobot’s colliding part inertia from the heavy rotor side inertia via passively
compliant joints. In this respect, the earliest works yielded the series elastic actuator and the series
parallel elastic actuator [11,12], where the stiffness is constant. As this behavior cannot cope with a
cobot’s load variation and its dynamics, Zinn proposed the concept DM? in [13] that improves the
control via the double actuation system. Subsequently, the concept of variable stiffness actuator (VSA)
gained more attention [8,14-17] from the robotics community. The VSA acts upon a wide range of a
cobot’s load by adapting its apparent stiffness. Note that every VSA is different, for example, in terms
of its stiffness profile or working principal. A well-detailed study of a VSA’s design goal is presented
in [8]. There are some examples of systems implementing VAS control with a sensor-based approach,
which usually leads to a more complex mechanical structure, and a sensorless approach, as commonly
used in the position/stiffness control [18,19]. This study’s proposed approach, leading to the prototype
V250M [20], presents the following novelties with respect to the literature:

e The stiffness behavior, in the vicinity of zero deflection, is smoothened via a cam-follower
mechanism.

e  The stiffness sharply sinks to maintain, theoretically as shown in Figure 5, a constant torque
threshold in the case of collision.

e  The torque threshold, T4y, is tunable according to load variation.

The focus of this paper is V2SOM’s design which is dedicated to a cobot’s rotary joints. In Section 2,
the mechanism’s working principle is presented by emphasizing its design concept and the two
functional blocks: stiffness generation block and stiffness adjusting block. The design methodology
applied to obtain the first V250OM prototype is presented in Section 3. The theoretical as well as
experimental characteristics of the first V2SOM prototype are addressed at the end of that section.
Section 4 presents a comparative study between V250M and a constant stiffness (CS) profile, comparing
the choice of both HIC and ImpF criteria via simulation. Section 5 summarizes some notable outcomes
and perspectives of the present study.
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2. V2S0OM'’s Working Principle

The design concept of the variable stiffness mechanism (VSM) aims to make load-adjustable
compliant robots by implementing VSM in series with the actuation system, as depicted in Figure 1.
However, a VSM can simply be described as a tunable spring with a basic nonlinear stiffness profile.

Link, VSA Link, 4

Actuation E
System

VSM

Figure 1. Variable stiffness actuator (VSA) scheme, including the actuation system coupled with a
variable stiffness mechanism (VSM).

2.1. Architecture Description

V2SOM contains two functional blocks, as depicted in Figure 2, namely, a nonlinear stiffness
generator block (SGB) and a stiffness adjusting block (SAB). To simplify the understanding of V2SOM,
we presented a kinematic scheme in Figure 2b with a semi-view that is symmetrical to the rotation axis
L1. The SGB is based on a cam-follower mechanism where the cam’s rotation 7y about L5 axis, between
—90° and 90°, induces the translation of its follower according to the slider L6. Then, the follower
extends its attached spring. At this level, a deflection angle -y corresponds to a torque value T,
exerted on the cam. The wide range of this elastic deflection must be reduced to a lower range of
—20° < 6 < 20°, as it is widely considered in most VSAs [21,22]. To this end, the SAB acts as a
reducer by using a gear ring system. Furthermore, the SAB serves as a variable reducer due to the
linear actuator M that controls the distance a4 while driving the gearing in a lever-like configuration.
The reduction ratio of the SAB is continuously tunable allowing V2SOM to cope with the external load
Ty, where the link side makes a deflection angle 6 relative to the actuator side.

(a) (b) J
Link side m L1
To|| Stiffness Adjusting Block | J |
- (QLCR) €=mmmmzmnen '> Llnea
T, actuatorr
|_|_|_'1_
gearing /™
T
Nonlinear Stiffness 0
Generator Block 1, \T‘ |--|Follower L6 SGB
(cam/follower ( | \ /\/\/'_'
mechanism) Cam

Actuator’sside

To: Externaltorque
SAB : Stiffness Adjusting Block

T, : Reduceroutput torque
SGB: Stiffness Generator Block

6 : Deflection

Figure 2. Architecture description: (a) Block representation of the V2SOM (b) Kinematic scheme in
semi-view of the V2SOM.

The V2SOM CAD model as well as its first prototype are presented in Figure 3. More details
are given in the V2SOM patent [20] and [15,16]. The V250M blocks as shown in Figure 3, with CAD
models and corresponding prototypes, are connected rigidly to fulfil each step of a dedicated task:

e  The SGB is characterized by the curve of the torque T,, vs. the deflection angle . This curve is
obtained through the cam profile, the followers. and other design parameters. The basic torque
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curve leading to the torque characteristic of the V25OM is depicted in Figure 4a. This basic curve
is elaborated with a torque threshold equal to T}z = 2.05 Nm, for the present prototype.

e The SAB is considered as a quasi-linear continuous reducer (QLCR) and defined by its ratio
expression given in Figure 4b. The ratio is a function of the nonlinear (NL) factor, deflection angle
v, and reducer’s tuning parameter a. The NL factor is linked to the SAB’s internal parameters
and can be approximated with a constant when the deflection 6 range is between —20° and 20°;
this issue will be discussed in the next section.

Linear
actuator

Figure 3. V2SOM: (a) 3D model, (b) CAD model of upper block, (¢) CAD model of lower block,
(d) prototype of upper block, (e) prototype of lower block, (f) first prototype.

Increasing
reduction ratio -

0 20 40 60 80
__________________________ Deflection angle [°]

Torque[Nm]
=4
T

. 'V2SOM tuning by setting QLCR’s
reduction parameter: a

20+
Tg a
l _______ : <T—y>(a)=ro_aNL

301 3 % ] i
| I ] 3 L ! ‘ Where 1 is V2SOM related
h i constant.

Deflection angle 6 [°] -

Figure 4. (a) Example of V2SOM basic torque curve with (b) QLCR. (c) Illustration of the V2SOM
torque characteristic with seven QLCR settings.

Figure 4c shows an illustration of the V2SOM characteristic resulting from Figure 4a with seven
increasing reduction ratio settings (seven values of torque tuning). Because of the QLCR behavior of
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the SAB, the curves in Figure 4c follow the profile of the basic torque curve given in Figure 4b which
will be detailed in Section 2.2.

In general, V2SOM has two working modes between which a transition smoothly takes place
in the case of blunt shock as illustrated in Figure 5. The high stiffness mode (I) is defined within
the deflection range [0, 61] and the torque range [0, T;]. The T; value defines the normal working
conditions of the torque. Exceeding this torque value means that the shock absorbing mode (II) is
triggered, characterized with low stiffness thus leading to the torque threshold T;4y.

A QD @ A O a

Thaxf——F——=

)
|
|
|

Tl = (Tmax)SO% -

} T
| |
| |
| |
[(1) : Normal working mode : s : (I) : Normal working mode :
iE/ I(IT): Shock absorbing mode | E I (IT): Shock absorbing model
|/ i . |
s | | é | |
S I I . I I )
| | ‘Deﬂectlon | ‘Deﬂectlon
01 Omax angle 6 0 0, Omax angle 6

Figure 5. V2SOM working modes. (Left) Torque curve, (Right) stiffness curve.

2.2. Stiffness Generator Block (SGB)

In order to explain the working principle of the stiffness generator block, its corresponding
simplified sketches are shown in Figure 6. A relaxed spring configuration with the cam-follower is
presented in Figure 6a. In this particular configuration, the supported torque around the rotation axis
is equal to zero, T, = 0. The increase of the torque T, " leads to an elastic deflection angle as well
as a linear motion of the sliders. The rotation of the cam, as depicted in Figure 6b, compresses the
springs, allowing the followers to keep contact with the cam profile. Contact surface analysis allowed
us to identify the interaction forces and then establish the static equilibrium conditions. A graphic
representation of a contact surface between cam and follower is shown in Figure 6¢,d. Below, geometric
parameters are listed in addition to the corresponding static equilibrium force equations.

e  p: Distance among the rotation center, point O, and contact point of the cam-follower.

e ry: Follower’s radius.

e r: Distance of the follower’s center, point O, to the cam’s rotation center. The rest value is 7.

e [, : Resultant force at the cam-follower contact.

e F.: Component of F, in charge of deflection torque T.,. The relations can be written as follows:

T, =2 pF.
{ E, zzos(ﬁ —a)F @

Notice that the components of F; of each follower, according to the axis containing the rotation
center, are cancelling each other.

e [y Friction force at the slider supporting the follower.

e  F: Compression force of the spring.
e  R: Force applied on the slider perpendicular to its axis.

The following equations can be deduced from the static equilibrium condition, giving the relation
between forces Fs, F, R and F;:

R = cosaF;

. 2

{ Fy + Fy = sinak, @
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Figure 6. Stiffness generator block: (a) at rest v = 0 (T, =0), (b) at deflection v # 0 (T, ),
(c) cam-follower contact surface geometric parameters, (d) cam-follower contact forces.

Considering a Coulomb-type friction at the slider joint and a proportional expression to F, and y,
the force and friction coefficient are expressed, respectively, as follows:

Fy = uR = pcosak. 3)

The following relations between the geometric parameters, useful for the equation rearrangement,
can be obtained from Figure 6c:

rpcosa = psin @)
r—rysina =pcosf
Equation (4) is rearranged as follows:
{ B = atan(%) )
__rjcosa :
P = ~sinp

A rotation of the cam from equilibrium position, 0 — 7 yields to follower motion defined by a
translation of the slider from initial position, 7y — r. The principle of virtual work applied to the SGB
can be written as follows:

/7 T,(x)dx = 2/r Fi(y) + Fr(z) dy. (6)
0 )
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Then, Equation (6) is simplified as follows:

v r ucoswa
By substituting x = y(y) in Equation (7), we obtain:
JL COs
/ 7T (W) dy _2/ By (1+sinoc—;4coszx> 4y, ®

wherey = %—}/,y(ro) =0andy(a) =
As Equation (8) is valid for any r > r(, one may write the following:

AT (1) = 28 (14 L), ©

sina — pcosa

Combining Equations (1)—(3), (5), and (9) results in the following:

tana = ry
2F(r) n ‘u where 7 # 0. (10)
= Ty (1)

The first step to find the cam’s profile, that is, the set of points defined as the pair (3, p), is to solve
the second differential Equation of (10). Then, the pairs (B, p) are found using Equation (5).
In this regard, the following numerical scheme is adopted:

Y (riJrl) -7 (1’1‘) ) (11)

T (7”1') - Tig1 —7i

Substituting (11) in the second Equation of (10), leads to:

= 2F(ri) V) 12
Yigr = Yi+ (rig1 — r)<Tfy('7)+7’i ’ (12)

where i1 = 7 (riz1), vi = 7 (ri) and yo = v (r0) = 0.
For the sake of simplicity, we presented a combination of four extension springs (see Figure 3b) as
a single compression spring in Figure 6. Thus, the springs in Figure 6 have the following characteristic:

lo

where K and /j are the extension springs’ stiffness and initial length, respectively, and b is a constant,
depicted in Figure 7, related to clash constraints.

Follower

Figure 7. Spring setup in the lower block: (a) CAD model, (b) simple sketch and parameters.
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It is now clear that the cam’s profile depends on the characteristic of deflection torque T, vs.
deflection angle . The SGB of V250OM has the torque characteristic shown in Figure 8, where the two
functional modes are shown. The equation of the curve in Figure 8 is given by the following;:

Ty (77) = Timax (1 - 3_57), (14)

where Ty,.x and s are two constants of the designer’s choice.

1O (I
w L

g S R ——— 3
= |
< |
) - |
= |
N (I): Normal working conditions |
i deflection range :
?f' (II): Collision absorbing |
S deflection range |
= |
|
|

| I

0 Yso% Vmax & 90°

Cam - Deflection angle y

Figure 8. Torque vs. deflection characteristic of stiffness generating block and V2SOM’s two
functional modes.

The first mode, which we call normal operational condition mode (i.e., no collision takes place),
is defined within the deflection range (I) of Figure 8. The range (I) is characterized by a torque value
Tgoe, and a user chosen value, that represents 80% of Tax. Accordingly, the range (II) represents the
collision mode where the deflection torque at the SGB exceeds the threshold of Tge,.

2.3. Stiffness Adjusting Block (SAB)

The interval delimitating the deflection angle of the SGB is within [—90°;90°] which is larger
then numerous cobot applications (e.g., [—15°; 15°] for humanoid arm application [11]). The tuning
of the V250M'’s stiffness in a continuous manner is supported by the stiffness adjusting block (SAB).
This block’s functionality is defined by its capability to adjust the deflection angle, the output of the
SGB. The SAB can be considered as a torque amplifier.

As a gearbox, the main function of the SAB is to vary the torque. This block is composed of a
set of gears, two ring gears and one spur gear (see Figure 9a). The ring gears are considered as the
input carried by a double lever arm system applying a torque. The lever arm system is composed of
two drive rods and a prismatic joint L2, as shown in Figures 9a and 2, respectively. The displacement
of each driven rod is defined by the parameter a. The actuator M, as depicted in Figure 2b, allows
one to change the value of the parameter a acting on the reduction ratio of the SAB. The parameter a
defines the distance between the driven rod and the cam center. The position of the driven rod can
also be defined by the parameter x when it slides along the ring gear. All these parameters are given in
Figure 9b.

V250M’s deflection angle at the output is 8, Figure 9b, which is the output of the SAB. The relation
between the output torque Ty and the input torque T, is given by the following:

-1

,11::)/ = % -1+ @)C;S_&sinz@ : where 6 = atan(%) (15)
Rsm(“RZ) a<R (15a)
LIRS [0 ( %) —acos( sm(g{h))] (15b)
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Equation (15-a) reports the condition of the tuning parameter a appearing in the rate of the
input-output torque equation and defines the torque behavior of the SAB. When the input angle ¢
changes inside the bounding interval [—90°,90], the output angle 6 is still limited inside the range
given by Equation (15-b).

An approximation of Equation (15) can be written when the deflection 6 is close to zero value
using second-order Taylor polynomial approximation. The obtained equation, noted F;,,;, is expressed

as follows: .
Figear (a, ) = R—_a (16)
(a)
Central
spur gear
Drive rods q /
P E A
5 Ve AT IS0
o B - | e

L © 3N S © (o)
o, wolp | s\
RO ¥ 2

R

Ny L
\\ V11w A
Ring \ ’

gears

Figure 9. Stiffness adjusting block: (a) CAD model, cross-section view’ (b) simplified scheme with
single ring gear.

Figure 10 presents the real as well as ideal curves of the SAB’s reduction ratio % given by

Equations (15) and (16), respectively. The curves are computed for the numerical value % =75,
considered for illustration purposes. One can observe that in the vicinity of the zero-deflection value,
the two curves overlap. This occurs for normal working conditions correlating with range (I) in
Figure 8. Beyond the zero-deflection value, the system toggles to the range (II) and the two curves
slightly split up. The approximation formula of the reduction ratio, Fiz., (a, 6), meets well the real
curves under normal working conditions. In addition, one observes the possible tunability through
parameter a. The only drawback lies in the fact that the curves split up, which can be avoided, as
explained in the next section, with a correction on the profile of the cam.

25 T T T T
................ Real : %/ = 0.69 Real : %/, = 0.41

20 - Ideal : /= 0.69 Ideal : /= 0.41 |
........ Real : /= 0.76 e Real 4/ = 0.48

Iy
T,

—Ideal : a/R: 076 ~—ldeal: ”/R: 0.48
o Real "/R: 0.55

——Ideal : "/R: 0.55

Real : “/R: 0.62

SAB ratio :
=
T
|

La;
Ideal : /R— 0.62

Deflection angle in °

Figure 10. SAB ratio % curves (dotted line) and their ideal approximation F;z,, (solid line).



Robotics 2019, 8, 18 10 of 15

3. V2SOM'’s Prototype

In the previous sections, we presented the two functional blocks and concluded that in order to
get the overall ideal approximation of the SAB, the cam’s profile must be corrected. This change
compensates for the declining trend of the reducer’s ratio, thus making the SAB behave as a
continuously tunable quasi-linear reducer. The cam’s profile originates from the T, expression in
Equation (14) which is corrected with a second-order polynomial factor, resulting in T;,, as follows:

Teor(7) = Ty (7)- (ﬂo +ay + ‘12'72) (17)
with ag, a1 and a; are real coefficients. The second-order polynomial factor is chosen in a way that
the T, value is modified only in the range (II) while the continuity between the two deflection ranges
is preserved. This is done with a simple optimization based on the least squares method, where the
error is the difference between a set of points representing the real SAB characteristic and their ideal
matching set. Figure 11 summarizes the design methodology of V2SOM.

/i) esigninputs: Y ——
max(6) = 20° ————
To(max(6)) =9.7Nm |
Deflection at 80% of Ty (max(6))
\ eo.ﬂTg(max o) = 2°
\
R
=75 R B
z Tg(9) Ty(y) (a0+ a1y+ azy )( \[7
- | —siné?
k Tmax = 2.05Nm ’\ Where 6 =T _YR —acos( sm( ; & = atan asme/
s=50 2 Ry R-acos
\ )
"~ S\ A
o o - =y,
[y / Cam’s profile correction: \
é I Find a;,a,, asthat I
SGB = Minimizes: ( F,dm,) over(g,g) I
Cam - Deflection ang|eJ/,/'| a: vector of dlﬁerent settings 0fV2SOM,
A/ I satisfying |
- R,
T, =T, () - (ap + a1y + azy? i
\_ T =H0) G rar e J | Rszn<2R1> <a<R I
Ve ~ I 0 Set of V2SOM deflection angles within I
To_ Ruf |, coss - f the range
T, R, a2 . 4 I 16l I
SAB ()" sina o1 R R (ks
( asing ) € > _R — acos sm 2R ,
where § = atan | =——— \ 1
R-acos6 \———————/
G J

Figure 11. Illustration of V2SOM'’s design.

The V250M prototype was developed with its two functional blocks as illustrated in Figure 12.
Two miniature linear motion actuators (Series PQ12, [23]) were used in the upper block. These compact,
miniature-sized actuators present the following characteristics: maximal speed (no load), 9 mm/s;
stroke, 20 mm; and maximal force, 35 N. The considered parameters of the torque curve vs. deflection,
corresponding to the theoretical curve shown in Figure 8, are T,y = 2.05 Nm and s = 50. The real
coefficients of the second-order polynomial obtained through optimization process and handled in the
cam design are [a1, a3, a3] = [1.001, —0.0369, 2.588].

Figure 13 shows the theoretical curves (solid line) which maintain a relatively constant threshold in
the range (II). This indicates the quality of the correction brought to the cam’s profile. The experimental
curves show a slight deviation from their corresponding theoretical ones that is due to the imperfection
of mechanical parts (e.g., natural friction phenomenon). Overall, a practically good match can be
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concluded as the crucial deflection range (I) shows a good match and the collision range (II) slightly
deviates from its theoretical value. The presented V2SOM prototype has a cylindrical volume of 92 mm
in diameter and 78 mm in height, as shown in Figure 3.

Figure 12. V2SOM prototype with each two functional blocks: (a) SAB: stiffness adjusting block, (b)
SGB: stiffness generator block.

=
T

[

=3
T

1

—
T

=
=1
T

=Theo =166 mm
* ExpFli.6mm -
—Theoz18.6 mm
* Ep=106mm =
~—Thao #=10.6 mm
* ExpFll.6mm
—Theoz=11.6mm

Exp=14.6mm

Thao =14.6 mm
2d Expz16.6 mm
Thao z=16.6 mm
24 withR=4lmm 4

[1] 1) 15 20
Deflection (°)

. Torque (Nm)
U - B
—

i~

'
~
T

Figure 13. V2SOM'’s torque vs. deflection theoretical and experimental curves for the eleven different
SAB settings.

4. Performance Evaluation: V2SOM vs. Constant Stiffness

In this section, a comparison between V2SOM vs. a tunable constant stiffness profile is carried out
on the choice of both HIC and ImpF criteria via simulation, as quantitative evaluation. A mechanical
model of HR shock [10,17] is considered and implemented under a Matlab/Simulink platform for
this purpose.

4.1. Safety Criteria

The safety of pHRI is quite problematic, particularly in terms of quantification as well as its
validity to the whole-body regions. The most widely considered safety criteria include, but are not
limited to, the following:

e  HIC: this criterion quantifies the high accelerations of brain concussion during blunt shocks
even for a short amount of time, for example, HIC;5 less than 15 ms is sufficient for robotics
applications according to [24], which can cause severe irreversible health issues [25].

e ImpF (also known as contact force): this criterion is quite interesting as it can be applied to the
whole-body regions. The contact force value is computed for a specific contact surface with a
minimum 2.70 cm? area.

e  Compression criterion (CompC): this criterion reflects a damaging effect of human-robot (HR)
collision by means of a deformation depth, mainly considered for the compliant regions such as
chest and belly.
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The head region is the most critical part of the human body compared to the trunk region which is
naturally compliant. The CompC criterion is not relevant for the head region as the skull is quite rigid.
In contrast, HIC and ImpF are considered for their complementary aspect of HR shock evaluation.
HIC is suitable for internal damage evaluation as it quantifies dangerous brain concussions, while
ImpF is suitable for external damage evaluation. The collaborative workspace should be designed, as
noted in ISO/TS15066 permits, in a way that free head motion cannot be compromised as the first step
to guaranteeing safe pHRIL

4.2. Human—Robot Collision Model

The most critical body region, as investigated in the literature [17,18], is still the human head
from the perspective of safety problems. With respect to that investigation, a theoretical modeling of a
dummy head hardware in a crash test was proposed and validated experimentally. The mechanical
model is shown in Figure 14 and parameterized according to [10]:

e  Neck viscoelastic parameters dy = 12 [Ns/m], ky = 3300 [N/m];

e  Head’s mass Mj,,; = 5.09 [Kg| and linear displacement x;

e  Contact surface viscoelastic parameters d. = 10 [Ns/m]|, k. = 1500 [N/m];

e  Robot arm contact position ! = 0.6 [m] and inertia Iy, = 0.14 {Kgmz} ;

e  Rotor inertia tor, torque Trotor and angular position 6;;

e  Stiffness of the variable stiffness mechanism K and angular deflection § = 6; — 6,.

Trotor

Lrotor

Figure 14. Mechanical model of dummy head hardware collision against a robot arm.

Both criteria, ImpF and HIC, are deduced from the collision model. The first one, ImpF, is obtained
from simulation data as the applied force on the contact surface. The second one, HIC, is computed as
a result of the following optimization problem:

1

HIC15 - maXt1/t2 l(w

t 25
/ ’ u(t)dt) (tp — tl)} , Subject to f; —t; < 15ms (18)
ty

where a(t) is the head acceleration value at instant £.

4.3. Simulation Results of HR Collision

In the ensuing analysis, a comparison between V2SOM and a constant stiffness (CS) VSM was
performed through simulation of the HR collision model under Matlab/Simulink. An identical elastic
deflection value was considered for CS and V2SOM deflection at 80% of T}y This torque value defines
the deflection range of the normal working mode for the V2SOM after which the shock absorbing
mode is triggered. The shock absorbing mode is triggered when the torque reaches T; value (see
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Figure 15). In this case, the springs are compressed by the followers’ displacement as a result of the
cam rotation (as shown in Figures 5 and 6).

N

(Y —

—_— CS

| — V2SOM

| (1) : No Collision deflection range
! (2): Collision deflection range

Torque T(6)

 Deflection
" angle 0

0 Gmax

Figure 15. V2SOM and CS profile, ( Tyyax, T1) = (15, 12) [Nm].

The simulation aims to emphasize the decoupling capability of V2SOM along inertia and torque
in comparison to an equivalent CS-based variable stiffness mechanism.

Inertia decoupling. The obtained results given in Figure 16 show that V2SOM presents more than
an 80% improvement for the HIC criterion compared to CS. On the other hand, an improvement from
10% up to 40% is observed on the ImpF curves. HICy,sop and ImpFysopm curves are still stable for a
large range of rotor inertia. One can conclude from these results that V2SOM presents a high inertia
decoupling capability compared to a CS-based variable stiffness mechanism. This characteristic means
that in the case of HR collision, the human body sustains only arm side inertia rather than the heavy
resulting arm and rotor inertia.

Torque decoupling. The obtained results given in Figure 17 show quasi-constant curves for
V2SOM. The variation of motor applied torque Tyotor does not affect the two criteria values, HIC and
ImpF. An improvement of 10% up to 40% is observed for V250OM for the ImpF criterion. This outcome
is alleviated by the HIC values which confirm the torque decoupling capacity of a V2SOM similar to
elastic behavior.

’s a) HIC curves (CS in blue V2SO in red)

b) ImpF curves (CS in blue V2SO0 in red)

70
20 L N R
/\ 6o0rF T
=
z -
15k i z -
@) .-
= Ry 50 -
= ] -
10f g s
~ ‘/‘
.
40t Tt
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0 ‘ ‘ ‘ ‘ 30 ‘ ‘ ‘ ‘
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Lyotor[K gm?] Lyotor [K gm?]

Figure 16. Lyt simulation results; (Trotor, Trmax, T1) = (10,15,12) [Nm]; ¢ = 37 [SI]; 91 = [rads_l].

a) HIC curves (CS in blue V250 in red)
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b) ImpF curves (CS in blue V250 in red)
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Figure 17. Trotor simulation results; Iotor = 0.175 [Kgm?|; (Trotor, Tinax , T1) = (7.5—30, 15,12) [Nm];

c=237, 91 =7 [radsfl].
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5. Conclusions

This paper deals with the design methodology of the variable stiffness safety-oriented mechanism
(V2SOM). This new device, as its name indicates, comes to ensure the safety of physical human-robot
interaction (pHRI) as well as to reduce the dynamics” drawbacks of making robots compliant. Due to
its two continuously linked functional modes, high and low stiffness modes, this novel device presents
a high inertia decoupling capacity. The V250OM mechanism’s working principle has been presented
as well as its two functional blocks. The mechanical description of each block in addition to its
mathematical models have been detailed. The interaction along the whole profile response between the
two blocks has been discussed. Each block accomplishes a specific role, the first generating the desired
stiffness profile through a cam-follower system and the second adjusting the stiffness profile through
compact ring gears. The theoretical as well as the preliminary results of the first V2SOM prototype has
been presented and discussed. Further experimental results will be addressed in future publications.
The performance evaluation of V2SOM in terms of safety through an evaluation of safety criteria was
performed. The impact force (ImpF) criterion and the head injury criterion (HIC) for external and
internal damage evaluation of blunt shocks were considered, respectively.

Currently, a faster and lighter version of this device is under development, knowing that the
current version weighs about 970 g with all its integrated control electronics.
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