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Abstract We present a design for a manipulator that is in-
trinsically mechanically safe, i.e. it can not cause pain (let
alone damage) to a human being even if the control system
has a failure. Based on the pressure pain thresholds for hu-
man skin, we derive a pinching safety constraint that limits
the actuator torque, and an impact safety constraint that re-
sults in a trade-off between mass and velocity. To fulfill all
constraints, the manipulator requires a spring balancing sys-
tem that counteracts gravity in all configurations of the ma-
nipulator. This allows the use of extremely low-power DC
motors (only 4.5 W). Thanks to the torque and speed limita-
tions of these motors the manipulator is indeed intrinsically
safe, yet still capable of moving a useful payload of 1.2 kg
over a distance of 0.8 min 1.5 s.

Keywords Safe robot - Gravity compensation - Gravity
balancing - Low power robot - Manipulator

1 Introduction

The long anticipated introduction of robots into society is
now taking place, exemplified by robot lawn mowers and
vacuum cleaners. Although there are currently no manipu-
lators for the general public, developments are well under-
way [2, 19, 39]. This has caused the current increase in re-
search activity on robot safety. Out of the broad spectrum of
safety issues, we focus on physical (mechanical) interaction
between robot arms and humans.

M. Vermeulen - M. Wisse ()

Dept. of Mechanical Engineering, Delft University

of Technology, Mekelweg 2, 2628 CD Delft, The Netherlands
e-mail: m.wisse @tudelft.nl

After a surge of publications on safety of industrial robots
around 1985 (e.g. [4, 12, 24]), there were only a few per-
taining studies in the decades after that (e.g. [6, 22, 40, 41]).
Only in the last few years, safe physical robot-human inter-
action has really become an active field of research again
(e.g. [3, 7, 16, 18, 21, 25, 28, 37, 42-44]). Very recently,
Haddadin et al. [13—15] have produced various publications
with a thorough overview on the subject, including interest-
ing impact experiments. The main conclusions are that there
are currently no useful measures or indicators for the safety
of robot arms; most existing measures stem from the auto-
mobile industry and are useful for discriminating between
life-threatening and non-life-threatening situations at veloc-
ities much higher than those typically used by robot manip-
ulators. The authors also show that it is highly unlikely that
their well-designed light-weight robot arm will cause injury
to human beings. Our research differs from theirs in that we
set a much stricter limit; our manipulator should not even be
able to cause pain, even when there is a complete failure of
the control system.

In this paper, we present a design for a robot arm that
is mechanically intrinsically safe; even with the worst case
control signal, it is physically incapable of causing pain to
a human being. We used a simple pain threshold to de-
rive the design requirements (Sect. 2). These requirements
lead to the conclusion that weight balancing is a neces-
sity (Sect. 3), so the key feature of our design is a weight
balancing system using springs (Sect. 4), based on ear-
lier work in our group [30] extended with an actively ad-
justable balancing system. The prototype design is shown in
Sect. 5, and the results and conclusions follow in Sects. 6
and 7.
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2 Design Requirements

The intended application of the manipulator is anywhere in
the direct environment of human beings for assistive or col-
laborative tasks. When we started this research project, we
initially aimed at applications in fruit/vegetable harvesting
and processing, which led to the following requirements: the
manipulator should handle payloads of up to 1.2 kg, and it
should be able to move 0.8 m in 1.5 s [34]. We believe that
these numbers are reasonable for domestic tasks as well. The
design space for our robot is bounded by these performance
requirements, together with the following requirements for
pinching safety and impact safety.

2.1 Pinching Safety

In quasi-static contact, the manipulator could cause pain if
it is able to exert a pressure on the skin that is above the
pain threshold. This is a function of the maximal actua-
tor torque, the contact area, and the configuration of the
robot. Haddadin [15] shows how the configuration of the
arm can provide a high transmission ratio from actuator
torque to outward-pushing force, especially near the fully
outstretched configuration. In this paper, we ignore this po-
tential safety hazard (leaving it for future improvements of
the prototype).

Tests with Algometers [S] and a literature overview of
tests [20] provide Pressure Pain Thresholds (PPT’s) for dif-
ferent regions of the body. The lowest reported pain toler-
ance, a PPT of 150 kPa, is located in the temporal areas
on the head. This threshold was measured with a low pres-
sure application rate (13.5 kPa/s), which is relevant for static
pressure. To be safe, in our design we will use a maximum
contact pressure of 100 kPa.

We assume that proper design of the exterior shell of the
robot arm should lead to an area of contact of at least 5 cm?.
This is a conservative estimate for a shell without sharp
edges and with a soft rubber covering. This area, together
with the maximum allowable contact pressure of 100 kPa,
leads to the following design constraint:

Fstaticcontacr < 100 [kPa] - 5 sz =50N (1)

Note that this is the maximum allowable force that the
actuators are capable to exert at any contact point. This
value will ultimately limit the allowable actuator torques and
therefore manipulator acceleration.

2.2 Impact Safety
During an impact, ultimately it is the same skin pain thresh-

old that determines if the robot causes pain. Thus, the ulti-
mate measure to take into account is again the contact force
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Fig. 1 Simplified model of impact between a one-DOF arm and an
operator, figure taken from [3] and adapted

during the impact (and not energy or other impact quanti-
ties). A relevant value for the pain pressure threshold at high
contact velocities is PPT = 250 kPa, as reported by Jensen
et al. [20] from experiments with a pressure application rate
of 500 kPa/s. Again the temporal area was the most sensitive
part of the body.

We use the simple (fully elastic) contact model from Bic-
chi and Tonietti [3], see Fig. 1, assuming a contact stiffness
k of a soft rubber covering of about 5 N/mm, and again a
contact area A of 5 cm?. Note that the mass 71,,p represents
the effective mass as experienced at the contact point during
impact. To calculate the relation between the manipulator
velocity and the resulting impact force (at maximal com-
pression of the rubber covering), we use an unconstrained
impact model (see [13]) and we model the human head as
a rigid object with a mass m,, of 3.5 kg [10]. This leads to
the following design constraint for the robot, which is in fact
a trade-off between maximum velocity and effective mass,
see also Fig. 2.

Umax =

A - PPT .\/mop(mrob +m0p)

Mop myopk

f 3.5
—0.95. |Mrob® 5> 2
Myob

For example, this trade-off predicts for a 2 kg effective
mass (which includes the payload and the arm itself) a max-
imum allowable velocity of 1.57 m/s.

Note that the velocity is one of the key aspects that should
be limited in the mechanical design of our robot if we want
it to be intrinsically safe. As remarked by Haddadin [15],
it is not necessarily a good idea to use compliant actuation
(e.g. proposed by [3, 33, 38]), because the potential energy
storage in the compliant actuator could lead to velocities that
are higher than specified. Therefore, we will use geared DC
motors that are directly coupled to the joints.

3 Need for Static Balancing

We have calculated that a manipulator should be safe if its
weight, velocity and actuator power are limited according
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Fig.2 Impact safety trade-off of v,,,q. versus m,p, with m,, = 3.5 kg
and kcoper = 5 N/mm, and a maximum dynamic contact pressure of
250 kPa. Safe mass-velocity combinations are those below the plotted
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Fig. 3 A 0.8 m pendulum with a 2 kg mass attached and a constant
torque T falling over an 7 rad angle is calculated to be unsafe

to (1) and (2). Now we want to verify this by constructing
and testing a prototype. Here a fundamental problem arises:
the torque required for lifting the weight of the object alone
will make that the manipulator can easily violate both safety
criteria when moving downward. The situation is sketched
with a simple one-DOF pendulum in Fig. 3. The static hold-
ing torque 7 is based on the assumption that the actuation
should at least be able to hold the pendulum when it is in
horizontal position: T = mgl.

The mass m is a 2 kg mass. It represents the payload
mass, chosen in Sect. 2, the hand mass and the mass of the
arm. Hand mass is not worked out further in this paper, but
a mass of 800 g is reserved for arm and hand, which should
be sufficient [8, 23]. The arm length / is chosen as 0.8 m.

The pinching safety criterion from (1) is violated. The
torque T is about 16 Nm, and in a worst-case scenario (when
the arm is moving downward from a horizontal position),
a torque exerted by the mass of 16 Nm is added. The com-
bined torque means an excess of the allowed 50 N from
shoulder up to 640 mm from the shoulder, or on 80% of
the arms length, which is not allowable.

Also the impact safety criterion from (2) is violated for
the situation in Fig. 3. The velocity in downward position
of the initially static pendulum is obtained by observing the
potential and kinetic energy and added work by T in the
system:

Epatential + W = Egineric

1, (3
mg(l+1)+mglo = Eml 02

Solving (3) results in a velocity of 9.0 m/s. From Fig. 2 it is
clear that an impact with a 2 kg mass with this velocity will
definitely cause pain.

The solution is to make the manipulator statically bal-
anced. In a statically balanced system there is a constant net
force equal to and opposing the gravity force and there is no
net change in potential energy. Therefore no static holding
torque is required, resulting in low required actuator torques.

Although a counterweight could be used for static bal-
ancing, we find the added inertia of this solution undesir-
able. Springs could be used as an alternative. In a well de-
signed spring-balanced system the total potential energy in
mass and spring remains constant, independent of the con-
figuration of the manipulator. This concept was generalized
for one degree-of-freedom by Streit and Gilmore [29] and
later extended to more dimensions for various robots [1, 9,
11, 26, 27, 31, 35, 36]. To allow the manipulator to handle
a range of payloads, the balancing system will have to be
adjustable.

4 Adjustable Static Balancing

Static balancing is a straight-forward idea, but it becomes
quite complex when multiple degrees of freedom are in-
volved and when adjustability is required. In this section we
will first identify the locations and order of the degrees of
freedom. Next, we will develop the geometric equations and
implement adjustability.

The locations of the joints are chosen in accordance with
those of a human arm. This means the manipulator con-
sists of a three-DOF “shoulder” and a one-DOF “elbow”.
A three-DOF shoulder is necessary for the manipulator to
be able to move over low objects and around high objects.

In choosing the order of joints, the occurrence of gim-
bal lock is an important issue [32]. The shoulder and elbow
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Fig. 4 Gimbal lock can occur

in both order of joints. (a) Order

zyxx is locked when 2nd joint is z
rotated over £90°, one degree of
rational freedom left. (b) Order
zxyx is locked when 2nd joint is
rotated over +90°, but two
degree of rotational freedom left

(a) zyxx order

+/-90

y
X (b) zxyx order
z
+/-90
me

joints are regarded as a sequence of hinges, each with a ro-
tational axis. In case of gimbal lock, rotation of one hinge
over a certain angle results in loss of one degree of freedom
for the overall mechanism. Two rotational axis of the arm
are then pointing in the same direction. Close to the gimbal
lock position the rotations becomes very sensitive to mea-
surement errors.

Figure 4a shows the order as it was first adopted for the
initial concepts, but later abandoned: the “zyxx” order. It
was chosen because it was easily feasible for a prototype.
However, because of gimbal lock, rotation of the second
joint over £90° results in loss of two degrees of freedom.
Moreover, in accordance with the human arm angular range,
avoiding this rotation of the second joint is not possible.

A better solution is to use the “zxyx” order instead, see
Fig. 4b. This order proved to be much more difficult in the
designing phase, but it has no Gimbal lock problem. Rota-
tion of the second joint over £90° approaches Gimbal lock,
but this joint will never be rotated that far in accordance with
the human arm angular range. The joints for rotation in this
sequence are from now on called ¢; through ¢4.

As a basis for the static balancing system the basic grav-
ity equilibrator drawn in Fig. 5 [30] is used. It consists of
a rotating lever with a mass m, length / and an ideal spring
with stiffness k attached at a distance r from the joint. The
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Fig. 5 Basic gravity equilibrator of a balanced mechanism. A lever
with length / can freely rotate about one end over angle 6, has a mass
m attached to the other end and has an ideal spring with stiffness k
attached at distance » from the rotation point

spring’s other end is attached to the ground at distance a di-
rectly above the joint. ‘Ideal’ means that the spring is linear
and has no zero length. With help of the cosine rule, the to-
tal amount of potential energy (V) in the system can be
expressed as:
1 2 2
Viot = mglcos(0) + Ek(a + r°) — akr cos(0) “4)
The total energy in (4) remains constant, independent of
angle 6, when mgl = akr. The system is in perfect balance.
In [30] a concept for a four-DOF balanced robot arm is

presented, with the order of joints we desire. The basic equi-
librator is extended to four-DOF with help of the modifi-
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Fig. 6 (a) Four-DOF static balancing concept [30]. (b) Adjustable sta-
tic balancing concept showing degrees of freedom, dimensions of ele-
ments and spring attachment points

cation rules explained by Herder [17]. These rules explain
how to add degrees of freedom while keeping a perfectly
balanced system. A parallelogram is used to place the lower
arm compensating spring above the shoulder, see Fig. 6a.

The four-DOF concept can be used as a basis for the ad-
justable static balancing concept, only a number of adjust-
ments are required. First, in the original design the paral-
lelogram is placed below the shoulder, occupying most of
the space below the shoulder. The structure supporting the
arm would therefore have to be placed above the shoulder,
which is not desirable for many applications. Second, the
ideal springs are sticking out above and below the shoulder,
occupying a lot of space. It would be favorable to place both
below the shoulder.

The concept from [30] is modified to the adjustable bal-
ancing concept drawn in one plane in Fig. 6b by using sim-
ilar design steps as described in [30]. The parallelogram is
moved to above the shoulder and both springs are now lo-
cated below the shoulder and attached on one end to the
same location, which also simplifies the design for adjusta-
bility, as will be shown later. The range of ¢3 is now re-
stricted to 180° from the drawn situation in one direction,
because otherwise the springs can touch and cross each
other. However, this range limitation forms no limitation for
the utility of the total arm.

To prove that the new concept is perfectly balanced,
the model is parameterized using Euler Angles. Conversion
from local to global coordinates is done, following the sys-
tem of axes from Fig. 4, with R, Ry, and R; denoting 3D
rotation matrices around the x, y, and z axes respectively.
Relative (x, y, z) coordinates of elbow (Bg), end effector
(Cp) and the spring attachments on the arm, S1p and S2y,
are as follows:

0 0
By=|1L |, Co=|1h |,
0
Q)
0 0
Slo=|-r |, S2=|-r
0 0

The lower spring attachment is located on the z-axis
through the shoulder at distance a below this joint. Rota-
tion over angle ¢1, perpendicular to the direction of gravity,
is not relevant here for the balancing equations. The rotation
matrices and relative coordinates from (5) are used to obtain
expressions for global end effector and spring attachments
coordinates:

C = Ry (2)Ry(¢3)Bo + R (¢2) Ry (¢3) Rx (¢4)Co (6)

ST = Ry (¢2)Ry(¢3)Rx(¢4)S1o, S2 = Ry (¢2)52 (N

The potential energy of the mass (V,,) and the two
springs (V,1, V,2) can be expressed with the coordinates
in (6) and (7). The horizontal plane through the shoulder

is taken as a reference level for the potential energy of the
mass.

Vin =mgh =mgC(3) (®)

1 2 1 2 2 2
Ve1=§k1Au =§k1(51(1) + S1(2)" + (S13) +a)?)
©))

_ l 2 _ l 2 2 2
Ver = zszu = 2k2(52(1) +82(2)° + (S2(3) +a)?)

(10)

The total amount of potential energy in the system is the
addition of functions (8), (9) and (10):

Vior = (mgly — kir1a)
x (sin(¢2) cos(¢s) + cos(¢2) cos(¢3) sin(¢s))
+ (mgly — karaa) x sin(¢2)

1 2 1 2 1 2 1 2
+ Ekza + Ekla + 5]{27’2 + 5]{1}"1 (11)

The system is in equilibrium, independent of the four an-
gles, when mgly = akyry and mgly = akars.
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Fig. 7 Masses of elements of the system can be included in the equi-
librium equations according to their center-of-mass location

The identified equilibrium equations can be used to make
the balancing system adjustable. Mass, gravity and length
are properties that are fixed. Adjusting the spring stiff-
ness is possible [17], but solutions are difficult. Adjust-
ing the attachment points of the spring, defined by a and
r, is the easiest solution. An adjustment system can best
be located on the fixed world, in order to keep the iner-
tia of the moving arm as low as possible. Therefore, di-
mension a is used to recover equilibrium in case of chang-
ing mass m. One end of the spring attachments could
simply be moved upward and downward to adjust a, see
Fig. 6b.

The masses of the links and other system elements are ne-
glected so far, but in the final balancing system design they
will have to be taken into account. With the masses of sys-
tem elements included, both springs are not equally loaded
anymore. Therefore, we must distinguish between a; and a,.
The contribution of the masses in the equilibrium equation
is shown in (12) and (13) with dimensions shown in Fig. 7
and is the result of calculations similar to the equilibrium
proof.

(m1dy + m3ds + mydy + msdio + mede +ml)g = karaas
(12)

(mady + m3dg + mady + msds + myd7 + mly)g = kyria;
(13)
5 Prototype Construction

Now that the set of requirements and safety criteria have
been identified and the adjustable balancing concept has
been introduced, the prototype can be designed.

@ Springer

5.1 Motor Selection

To select the proper motors for the four degrees of freedom,
the desired velocity and the safety constraints have to be
taken into account. The required motors are selected by it-
erating back and forth between a Solidworks® CAD design
and dynamical analysis in ADAMS® to monitor the velocity
and safety constraints.

The motor selection process of the first and second de-
gree of freedom, ¢ and ¢, in Fig. 6 starts by regarding
the manipulator in fully stretched position as a beam rotat-
ing around the shoulder joint and identifying the total ro-
tational inertia of this representation. In the CAD system a
detailed design for the manipulator, including the static bal-
ancing subsystem, is developed. Small aluminum parts and
thin-walled steel tubes are used for a fairly lightweight de-
sign.

The individual masses of parts of the lower- and up-
per arm are obtained from this initial design. These masses
and their center-of-mass location relative to the shoulder are
used in combination with Fig. 7 to get a total rotational in-
ertia of 1.15 kgm?.

When the arm is simplified in stretched orientation as a
rotating beam, the effective mass on every position on the
arm can be calculated by dividing the total inertia by the
squared distance d from the shoulder.

1.15

— (14)

Myob =
At the end effector, for example, the effective mass is 1.8 kg.
Equations (2) and (14) are combined to form a relation be-
tween the maximum velocity on every position on the arm
vmax and distance d, see also Fig. 8.

[1.15+3.542
Umax = 0.95 ——%ﬁ—— (15)

The maximum velocity of each motor is determined by
looking at the worst case impact situation where a combi-
nation of motors is fully actuated. In such a case the mass-
velocity trade-off for impact safety should not be exceeded
on any location on the arm. The highest end effector veloc-
ity occurs when the arm is fully stretched, ¢, ¢» and ¢4
are all fully actuated and the resulting axis of rotation of the
shoulder is parallel to that of the elbow. The local velocity,
expressed in the angular velocities in radians, on every posi-
tion on the arm, can in that case be expressed as:

Jol+w3-d, 0<d=<04
Jol+o} d+ws-d—ws-04, 04<d=<08

(16)

v(d) =
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Fig. 8 The effective mass on every position on the arm when it
is regarded as a rotating beam, indicated with the black line. The
point-dashed line indicates the allowable velocity, following from the
impact safety constraint. The velocity resulting from the rotational ve-
locity of the beam should stay under the allowable velocity and is in-
dicated with the dashed line. The bend shows the position where the
elbow actuation becomes active, besides the shoulder actuation

Initially, for ease of calculation, the angular velocities are
all taken equal. For the maximum allowable end effector ve-
locity from (15) of 1.65 m/s, the velocity is expressed as:

V2 @?-084w-08—w-04<1.65 (17)

This results in a maximum allowable angular velocity
of 1.1 rad/s. To guarantee absolute intrinsic safety on the
level of actuation, the motors should have a no-load-speed at
which the manipulator moves slower than (or equal to) the
maximum allowable angular velocity. In normal operation,
each motor will then operate close to full speed.

For both ¢ and ¢, a 4.5 W Maxon Motor A-max26 with
a 190:1 planetary gearbox and a 2:1 pulley transmission are
chosen. For the reduction of the no-load-speed of the motor
to the maximum allowable angular velocity, a large gear ra-
tio is required. However, this ratio will also result in a large
output torque, running the risk to exceed the pinching safety
constraint from Sect. 2.1. To avoid this, a low power motor
is chosen. Because the available gearboxes could not han-
dle the required torque, part of the reduction is covered by
a pulley transmission with an estimated efficiency of 80%.
Including the 70% efficient gearbox, a maximum speed of
about 1.0 rad/s, which is allowable, and a maximum torque
of 8.9 Nm result.

Because of limitations by the pinching safety criteria
from Sect. 2.1, this torque is just acceptable. Increasing the
maximum torque would increase operating velocity, but also
the pinching force. At current torque, the force of 50 N
(100 kPa - 5 cm?) allowed by the criterion is exceeded in
worst case at a distance of about 250 mm from the shoul-
der. This worst case is when ¢ and ¢, are both actuated

‘ N NN\ N
0 01 02 03 04 05 06 07 08
distance from joint [m]

Foctuation=21 [N]

—

shoulder

=T(p1 +T(p2

Fig. 9 Actuation force by torques Tspouider and Teipow is reduced to
pinching safety limits by adding spheres around the joint. Black line
indicates the combined force of both actuators, the dashed line is the
contribution of the shoulder actuation only. Top of the hatched area in-
dicates the force including the spheres, which always stays below 50 N

at full torque simultaneously. So the complete lower arm is
safe and the first 250 mm of the upper arm must be covered,
for example with a sphere around the shoulder, see Fig. 9.
A sphere with such a radius is just doable, a higher torque
resulting in a larger sphere is unfavorable.

In Adams/View® a model, rotating the arm over ¢y, is
built that moves the end-effector over a 0.8 m distance. That
is a rotation of the manipulator of 57° within 1.3 s, which
is sufficiently fast. The model uses a symmetrical bang-
bang control signal, and the motor characteristics (maxi-
mum torque, speed/torque gradient, and rotor inertia) are
taken into account. After tuning the torque durations, the
final position is reached in 1.3 s, see Fig. 10, which is even
faster than the required 1.5 s. This leaves room for decreas-
ing velocity when friction, which is not taken into account,
has effect in the prototype. Without friction, ¢ and ¢, are
equal in the model, so ¢, actuation is also acceptable.

To find the maximum allowable angular velocity w4,
(16), the chosen maximum angular velocities of ¢; and ¢;
of 1.0 rad/s and the maximum allowable end effector veloc-
ity of 1.65 m/s are combined:

V1.024+1.02-0.84ws-0.8—ws-0.4 < 1.65 (18)

This results in an allowable angular velocity w4 of
1.3 rad/s. A 2.5 W Maxon Motor A-max19 with a 128:1,
59% efficient, planetary gearbox and a 5:1 pulley coupling
with again 80% expected efficiency is chosen. An allow-
able maximum speed of 1.4 rad/s and a maximum torque of
2.34 Nm result. This velocity is slightly higher than accept-
able, but since transmission comes in discrete steps and this
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Fig. 10 Adams/View® results for a one-DOF arm model, including
constant speed/torque gradient motor behavior. Drawn are the used
control signal, resulting torque over ¢4 and change of angle. The fi-
nal position is reached after 1.3 s

transmission gives velocity most nearest to the allowable,
we decide to accept it. Moreover, in practice, friction will
lower the maximum velocity. The maximum local velocity
for all motors of the worst case combined according to (16)
is plotted in Fig. 8 and indeed, the maximum allowable ve-
locity is not significantly exceeded on any location.

In a simulation, rotating ¢4 over 115°, the trajectory of
0.8 m is finished after 1.4 s. The maximum pinching force
in the worst case explained in the maximum velocity calcu-
lations is exceeded at 95 mm from the elbow, requiring a
sphere with this radius, see Fig. 9.

Rotation over ¢3 is not used in any worst case situation.
For ease of calculation, the same motor and gear combina-
tion as used for ¢4 is used for ¢3.

5.2 Spring Compensation System

For the calculation of the dimensions of the spring compen-
sation system and the springs to use, (12) and (13) are used
in an iterative process between the CAD model and available
springs from catalogs.

The masses of the components of the arm and the rela-
tive positions of their center of mass from the CAD model
are filled in the equations, resulting in the torque equations.
These are kyraazmay = 9.38 Nm and kiriaimax = 8.48 Nm,
including the maximum payload, and karpaz;,in, = 4.67 Nm
and kyriaymin, = 3.77 Nm, with an empty hand. Because of
reasons of implementation, we take k1 = k> and r{ =r».

To make the balancing compensation adjustable, the
length of a from Fig. 6 must be moved between a minimum
and a maximum value.

For the desired range of payload mass, ai,,i, and azmin
should be able to increase with a factor 2.5 from the small-
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est value ((m payload + Mhand)/Mhana), SO a too high min-
imum a value would blow up the system size. However,
because of limited space in the design around the shoul-
der joint, both a; and a; also have a low bound of 90 mm.
This minimum value is chosen for ay,,;,. Because of the dif-
ference in mass of both equations, ay,;,;, should always be
slightly larger. But as,;, is always a fixed distance larger
than a; and therefore both springs could still be connected to
a single translating mechanism. The fixed distance is about
21 mm (% - 90 mm), resulting in a minimum a;,in
value of 111 mm.

Distance r should be as high as possible to avoid high
forces in the elements and joints around the shoulder. How-
ever, r cannot exceed a, to avoid contact between the two at-
tachment points. A difference of 6 mm leaves enough room
in both spring systems, resulting in an r value of 84 mm.
Combining all information in the equations results in a stiff-
ness k value of 500 N/m.

A1max and azmqy are respectively 202 mm and 223 mm,
based on the torque equations and the values for k and r.
This means that both a; and a, are maximally increased by
112 mm.

In the final design with the identified dimensions of the
spring compensation system, the arm range, defined ac-
cording to Fig. 6, is limited to [—0.57, 0.57] rad for ¢y,
[0.167, 0.837] rad for ¢,, [—0.67, 0] rad with respect to
vertical for ¢3 and [—0.57, 0.837] rad for ¢p4. This results in
a maximum ideal spring length of about 242 mm for spring
1 and 194 mm for spring 2. Using springs with preload sim-
ulate an ideal (zero length at zero force) spring [17] is not
possible, because this cannot be produced. Therefore, cable
pulleys are required to simulate ideal springs [17].

The extension stroke of the available springs with a stiff-
ness of about 500 N/m is about 179 mm, which is not suffi-
cient. A spring stroke amplifier with an amplification of 2:1
provides the desired stroke, but also demands 4 times the
spring stiffness. This stiffness-stroke combination is also not
available. The solution is to use two parallel springs with
respective stiffness values of 1210 N/m and 520 N/m and
stroke 171 mm and 222 mm. This provides the desired stiff-
ness and stroke. The spring with lowest stiffness fits entirely
inside the high stiffness spring and both springs are of equal
length, so the parallel springs can easily be used in the de-
sign.

The design of the spring stroke amplification subsystem
is drawn in Fig. 11. The springs are attached between the set
of pulleys and the lower attachments and the subsystem is
completely moved up and down to adjust a. The attachment
point of the cable for spring 2 on the mechanism is moving
in a plane and stays always left from the subsystem as shown
in Fig. 11. The point of the cable for spring 1, however, is

not constrained to a plane and can be left and right from the
subsystem. Therefore, a bar passively rotating over angle ¥
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parallel parallel
springs springs
set 2 set1

Fig. 11 Spring stroke amplifier subsystem. Parallel springs set 2 is
connected by a cable guided through pulleys A, B and C. Parallel
springs set 1 is connected by a cable though pulleys D or E, depend-
ing on the arms orientation, and F and G. D and E are connected to a
bar rotating passively over angle W to keep the pulleys in line with the
cable

is included to make sure the pulleys stay in line with the
cable and when the cable switches from left to right, pulley
(E) takes over from (D). Finally, pulley (B) makes sure that
the springs cannot touch each other.

5.3 Final Design

With the actuation selected and the spring compensation
system designed, the final design, drawn in Fig. 12 and
shown in Fig. 13, concludes the design phase.

Both springs and the spring stroke amplification subsys-
tem are attached to a T-profile (A) that moves up and down
along a linear slide mechanism. The profile is long enough to
include the length of the fully stretched springs (300 mm).
The mechanism consists of a rail with two carriages at a
fixed distance, of which the upper one is driven by an inter-
nal spindle mechanism with pitch 0.1 inch. The spindle is
driven by a Maxon RE-35 DC motor with a 66:1 gearbox.
The rail is long enough to house the T-profile and to move
it over the desired 112 mm distance. Note that this actua-
tor was not yet incorporated in the safety considerations and
was not actuated during the experiments in this paper; in fu-
ture research we intend to calculate the maximum allowable
speed of the balancing adjustment actuator.

The linear slide mechanism is attached to a housing that
is rotated over an angle ¢; by a Maxon A-max 26 actuation
combination. This housing is connected to the rest of the
manipulator, so the balancing system is rotating along with
the arm. The manipulator is connected to the fixed world by
ball bearings above and below the linear slide.

Fig. 12 Complete design of the manipulator (above) and part of the
manipulator viewed from the other side (below) Actuation subsystems,
including motors, pulleys and belts, of the 1st, 2nd, 3rd and 4th de-
gree of freedom (resp. ¢1, ¢o, ¢3 and ¢4). Springs and spring stroke
amplifiers (A) are moved up and down by a linear slide (B), actuated
by a motor (C). Cables are attached at shoulder (D) and at the end (E)
of the rotating bar subsystem (F), see inserted detail. For all joints roll
bearings are used (G)

The cable from spring 2 is connected at attachment (D),
that moves in a plane rotating along with the manipulator.
The attachment is located on a prolongation of the upper
arm through the shoulder joint.

For the attachment of the cable from spring 1 (E) how-
ever, no more room directly through the shoulder joint is
available. To solve this, a rotating bar subsystem (F) is used,
see inserted detail in Fig. 12. It diverts the forces around the
shoulder joint, while allowing rotations over ¢, and ¢3 as if
the mechanism goes directly through the joint.
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Fig. 13 Manipulator prototype

For active rotation over ¢3 and ¢4 a Maxon A-max 19 ac-
tuation combination is used. Active rotation over ¢, is done
by a Maxon A-max 26 actuation combination. In all five ac-
tuation combinations, adjustable motor positions are used to
bring the belts under tension.

5.4 Equipment, interface and software

For controlling the manipulator a PC/104 computer with the
Matlab Simulink xPCtarget environment is used. A 16 bit
IO card is used for switch readouts and for analog output
to the four linear amplifiers that drive the motors. A 16 bit
incremental encoder card is used for motor encoder readout.

6 Experiments and Results
6.1 Is the Manipulator Industrially Applicable?

To see if the manipulator can move with the desired veloc-
ity, first three primary movement operations used in pick and
place activities are identified, see Fig. 14. For each of these
operations the manipulator should be able to move the pay-
load over the desired trajectory of 0.8 min 1.5 s. Movement
over ¢3 is not regarded as a primary operation in picking
and placing and can be done more slowly. All experiments
were performed with a 2 kg mass attached to the end of the
manipulator.

@ Springer

Fig. 14 Three primary movement operations, where the end effector
is moved over a 0.8 [m] distance
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Fig. 15 Open loop control torques used in the velocity tests with the
three primary movements. For (a) and (b) positive and negative move-
ments are respectively indicated with a thick and a dashed line. For
test (c) control of motor 1 and motor 4 are shown in the upper and lower
diagram. Stretching and compacting are respectively indicated with a
thick and a dashed line. The open loop control signals were manually
tuned so that a desired motion was obtained despite significant friction
effects

Open loop (manually tuned) bang-bang control is used
as it provides the fastest way to go from one location to an-
other. Please note that closed-loop control is not considered
in this paper, as we aim to make the system mechanically
intrinsically safe for any control signal. For each of the pri-
mary movements both the acceleration- and the deceleration
phase are performed with maximum control torque. The du-
ration of each phase is adjusted manually, see Fig. 15, to
arrive and remain at the desired final position, see Fig. 16.
Each primary movement is performed in the direction in-
dicated in Fig. 14, but also in reversed direction to check
if results are direction dependent. After each test the data is
logged and the arm is manually put back in starting position.

All movements show a non-symmetrical control torque
pattern, in contrast with the perfect symmetrical pattern
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Fig. 16 Experimental results of 1o
the industrial applicability tests.
Shown are primary

movements (a) and (b) in
positive (thick line) and negative
(dashed line) direction and
movement (c) in stretching

08

05 -

(thick line) and compacting 0 05
(dashed line) movement. The
plots show ‘bends’ due to the — Ir
elasticity of the arm 08
construction. A better controller
design would improve this
behavior, but that is outside the
scope of this paper

05 -

distance travelled [m

from Fig. 10. This was to be expected, as friction, which
plays a significant role, was not taken into account in the
simulation. They also have a slightly different control torque
pattern for both directions. Possible reasons for this are di-
rection dependent friction in the joint or a slight offset in
control system or amplifiers.

The positions plotted in Fig. 16 all show a bend at initia-
tion of deceleration. Reasons for this are the elasticity of the
arm structure and the fact that the end effector position is es-
timated with motor encoder information. Thus, although we
set out to design an actuation system without compliance, it
turns out that the drive belts still introduce significant com-
pliance.

The final position for both directions of primary move-
ment (a) is reached after about 1.3 s, which is sufficiently
fast. Primary movement (b) suffers more from friction than
primary movement (a) as it is also connected to the spring
compensation system. Therefore it requires more torque to
accelerate and less torque to decelerate. It is also slower and
arrives at the desired distance in about 1.5 s, just fast enough.
For primary motion (c) two motors need to be controlled, but
to make a 0.8 m displacement, both must not be controlled
simultaneously. More difficult manual adjustments were re-
quired. We decided to adjust both torque profiles to let the
end effector move more or less in a straight line. Perhaps
another trajectory would have been faster, but this goes be-
yond the scope of this article. The end effector reaches the
final position in about 2.1 s, which is not fast enough.

Although primary movement (c) is not sufficiently fast,
we believe that the prototype setup is capable of performing

all three primary movements within the desired time. Fur-
ther research is required to optimize trajectory control.

6.2 Is the Manipulator Safe?

Whether the manipulator is safe depends on whether it meets
the pinching and impact safety constraints defined in Sect. 2.

The pinching safety constraint of 50 N was checked by
measuring the maximum torques of actuation subsystems
¢1, ¢2 and ¢4 with a force dynamometer. Measured torques
were respectively 7.8, 7.9 and 2.7 Nm. This means torques
of subsystems ¢ and ¢, are respectively 12% and 11%
lower than in simulation and the torque of ¢4 is 15% higher
than in simulation. These differences can be explained by in-
accurate motor catalogue values (friction and efficiency val-
ues are easily off by 10%) and by the fact that we used an
assumed value for the efficiency of the coupling between the
pulleys.

Pinching safety is guaranteed on the upper arm from
220 mm from the shoulder and on the lower arm from
100 mm from the elbow. To calculate this, the same worst
case approach as in Sect. 5 and Fig. 9 is used, this time with
measured torques. These results show that the manipulator
requires an elbow protection sphere with a slightly larger ra-
dius for the manipulator to be safe.

To see if the impact safety constraint is met, not the im-
pact safety trade-off should be used, because it is based on
an assumed model. Instead, the underlying allowable peak
acceleration should be used.
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Fig. 17 Measured acceleration during collision of manipulator, rotat-
ing over ¢, with human head substitute. The mean and standard de-
viation values are shown, to the left for collision with a spring and to
the right for collision with a 1 cm thick foam cover in between. Shown
in the middle are a boxplots of the measured peak acceleration val-
ues. Maximum acceleration peaks measured for spring and foam are
respectively 30.5 and 33.1 m/s?

Safety was checked by measuring the peak acceleration
of a 3.5 kg human head substitute after collision with the ma-
nipulator. Measurements were done with an Xsens inertial
sensor and logged at 500 Hz, which is the maximum. The
manipulator was moving at maximum velocity and with the
maximum 2 kg payload attached. From the test for industrial
applicability, primary movement (a) proved to be the fastest
and it also has the highest maximum velocity, with veloci-
ties up to 0.94 m/s. Therefore, this rotation was used for all
impact safety experiments.

First, experiments with a compression spring in between
head and manipulator were performed to check the model
results. Unfortunately, only a spring with a slightly higher
stiffness of 5.5 N/mm was available. Because elasticity in
the manipulators mechanism can cause the maximum end
effector velocity to slightly deviate, the starting position of
the manipulator was varied between about 350 and 450 mm
from the point of collision, the region with the highest ve-
locities. Actuation was stopped manually just after collision,
when the head came loose of the manipulator again. The 16
measured collisions resulted in a standard deviation of about
3.5 m/s” at peak acceleration measured, see Fig. 17. The
highest peak acceleration measured was 30.5 m/s? and the
maximum contact forces is in that case 107 N. This force
is acceptable; according to Sect. 2.2 it has to stay below
250 kPa at an area of 5 cm?, i.e. below 125 N.

Final experiments were performed with foam rubber in
between. Foam rubber was chosen as a permanent covering
of the manipulator. Different types of foam were considered.
Foam types with relatively low damping turned out not to
be suitable, because neither of them could deliver the de-
sired 5.5 N/mm stiffness for the chosen area of contact of
5 cm? and at the same time provide the stroke needed. Dur-

@ Springer

ing small tests they were compressed entirely and caused
the manipulator and the head to endure full impact, resulting
in extremely high accelerations. Increasing foam thickness
would increase the stroke, but also decrease the stiffness.

As an alternative, tests with Otto Bock VE-RL foam with
high damping were performed, using the same method as
the spring experiment. At first attempt, a 10 mm thick foam
block with a 5 cm? area of contact was used. Results of 22
tests show a peak acceleration of 33.1 m/s2, which means a
116 N contact force, see Fig. 17. This force is just acceptable
(just below 125 N) and we decide not to further decrease the
foams thickness and use the current thickness.

From the plot it is clear, that the acceleration peak dura-
tion is much shorter for foam. Since acceleration is of the
same order, this means less energy is absorbed by the head.
The most probable explanation is that the highly damping
foam absorbs most energy. The shorter duration in combi-
nation with the limited sample frequency of 500 Hz makes
that the plot is not looking smooth.

7 Conclusions

In this paper, we present a design for an intrinsically me-
chanically safe manipulator that cannot cause pain to hu-
man beings even in the event of catastrophic control fail-
ure. The manipulator can move a payload of 1.2 kg over a
distance of 0.8 m in 1.5 s. The pinching safety constraint
prescribed that contact forces should remain below 50 N,
which affects the maximal acceleration of the manipulator.
The impact safety constraint provided a trade-off between
the velocity and the effective mass of the manipulator. To-
gether, these constraints necessitate the use of weight bal-
ancing using springs, such that low torque and low power
actuators can be used because they need not deliver work
against gravity.

Experiments show that the desired operating velocity can
be reached for two of the three primary movements. For
the third primary movement improved trajectory control is
expected to improve operating velocity up to the desired
velocity. Pinching safety is guaranteed for about the same
areas of the arm as predicted in the design phase, from
220 mm from the shoulder up to the elbow and from 100 mm
from the elbow up to the end effector. Impact safety of
the manipulator moving at maximum velocity, with max-
imum payload and with a foam rubber cover is proven
in collision experiments by measuring the peak accelera-
tion.

From the experiments we concluded that a statically bal-
anced manipulator and payload, with an effective end ef-
fector mass of 2 kg, designed by following the safety con-
straints, can move with sufficient velocity, while guarantee-
ing intrinsic safety defined by the safety constraints.
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