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Abstract
Applications with physical human-robot interaction require a high level of safety even in case of software or hardware
failures. This paper highlights the advantages of combining tendon actuation with transmission elasticity to maximize
safety for robotic arms sharing workspaces with humans. To this end, the collision behavior of combinations of tendon
or joint and elastic or stiff actuation with geared electrical motors as reliable actuators is compared using the lightweight
BioRob arm as robotic platform in simulation. For the comparison a worst case scenario is assumed in which the robot arm
is accelerated with maximum supply voltage over its joint range and collides with maximum end-effector velocity. The
study shows that the robot arm achieves end-effector velocities as high as 6 m/s and that elastic tendon actuation reduces
the end-effector impact energy and force by up to 90 % compared to stiff joint actuation. A considerable reduction of the
gearbox stress is also achieved. In addition, the effect of motor current fuses limiting the motor torques is evaluated. It is
shown that for the given high speed scenario, torque limiting devices can be effective to prevent excessive clamping forces
in case of failure, but can not reduce the impact peak force without heavily compromising the robot dynamics. The main
design criterion for safety should therefore be lightweight link design and compliant actuation, which can be achieved by
using elastic tendon actuation. The paper concludes with the comparison of safety properties of robotic arms in research
and industry.

1

Introduction

widely seen as key features. Elasticity can be realized
by using inherently compliant actuators, such as artificial
pneumatic muscles [1,2] or by using elastic elements in series with standard geared motors [3]. Additional actuators
can be used to adapt stiffness or damping [4–6] or to combine actuators with complementary features [7]. For conventional and heavy actuators the robot arm inertia can be
reduced in favor of lightweight design by using cable actuation instead of placing the motors in or near the joints [8].

Many efforts are taken to increase safety for applications
with physical human-robot interaction (pHRI) and a number of capable demonstrators have been presented over the
last years. Some of the research places focus on enabling
active safety for conventional robotic arms using sensor
based collision avoidance or collision detection and reaction methods. But the certification of safety is a huge challenge, because it requires high levels of safety for humans
sharing the workspace of the robot even in case of hardware or software failures.
Beyond safety from injuries perceived safety and convenience play also a very important psychological role in applications with pHRI. Because of the hardware limitation
regarding safety of conventionally built robots, especially
in case of high velocities, clamping situations, or hard- and
software failures, new actuation designs for increased passive safety are being developed. One of the main design
goals is meeting the strict safety requirements of pHRI applications without compromising performance.
Lightweight design and compliant actuators are now
∗ Corresponding

The BioRob arm combines tendons and elasticity in the
drivetrain to achieve both lightweight design and compliant actuation [9]. This paper compares the collision behavior and safety properties of the elastic tendon actuation as
used in the BioRob arm to other actuation designs. Section 2 describes the properties of elastic tendon actuation.
A worst case collision scenario is defined in Section 3. After introducing all possible combinations of elastic or stiff,
and tendon or joint actuation in Section 4, the impact behavior of the actuation designs is evaluated in Section 5
with respect to impact energy, force and joint torques using the worst case scenario. In addition, the effect of fuses
limiting the motor currents on the impact properties of the
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Figure 1: BioRob-X4 arm with elastic tendon actuation in
all four joints.
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Figure 2: Simulated collision trajectory of the BioRob
arm, shown in initial configuration 0(transparent rendering)
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The actuation approach of the BioRob arm as shown in
Figure 1 aims at combining the robust behavior of standard
electrical motors with the safety characteristics of elasticity
in the drivetrain and a radical lightweight design by using
tendons to actuate the robot joints [10].
When using tendons spanning multiple joints, additional
friction is introduced. However, this comes with several
advantages. By using tendons, the motors can be placed
near the base, thus reducing the robot arm’s inertia, or
can even be used as a counterbalance for the weight of
the links. The reduction of mass and inertia allows to use
smaller and less heavy motors and gears. In addition, by
using elasticity in the tendons, the reflected rotor inertia
and friction are dynamically decoupled from the link side,
reducing shocks on the gearbox as well as on the environment in case of a collision.
These properties will be quantified and compared in detail
to other actuation designs in the following sections.
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from the collision during the first impact phase, causing a
significant decrease of the impact force peak.
Higher impact forces can therefore be expected when reducing the effective collision force lever arm of the last link
by pointing the link towards the collision surface normal.
The chosen impact configuration is shown is Figure 2.
The activation of the maximum motor voltages is timed
separately in each motor in order to reach the described
impact configuration. The motor of the second joint is accelerated from the beginning of the trajectory, whereas the
motors of the third and fourth joint are accelerated at a later
stage of the trajectory.
As can be recognized from Figure 3, the end-effector velocity at time of impact vc = 6.33 m/s is slightly lower than
the maximum trajectory velocity of v = 6.64 m/s, which is
in turn lower than the maximum achievable end-effector
velocity in the outstretched configuration of v = 7.4 m/s.

Collision Trajectory

In the worst case a software or hardware failure can cause
the motor input voltages to be permanently set to the maximum supply voltage. The trajectory chosen for collision
evaluation is depicted in Figure 2 and Figure 3. The robot
arm starts in a configuration near the mechanical joint limits to have a maximum acceleration distance and accelerates to the opposing joint limits with the maximum voltage,
where the end-effector collides with the object marked in
grey. The maximum motor input voltage of the BioRob
arm is Ua,max = 12 V.
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robot arm is examined to clarify if additional safety is obtained by these components.
The paper concludes with a comparison of the effective operational space masses of the evaluated actuation designs
when used in the BioRob arm and of effective mass values
reported in literature for several robotic arms.
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Table 1: Model parameters of the BioRob-X4 arm without
gripper: Denavit-Hartenberg parameters DH, link center of
mass position rc with respect to the coordinate system in
the subsequent joint, link mass m, combined transmission
ratio z, rotor inertia Ir , and transmission stiffness ke and
damping de , both with respect to the joint.
Joint

1

2

3

Collision Forces
Force [N]

800 (a)

(b)

600
400

179 N
↓

200
0

0.9

4

DH (d, a, α) (0.276, 0, π
2 ) (0, 0.307, 0) (0, 0.310, 0) (0, 0.17, 0)
rc [m] (0, −0.14, 0) (−0.32, 0, 0) (−0.16, 0, 0) (−0.07, 0, 0)
m [kg]
2.350
1.530
0.160
0.055
z [−]
73.6
80.0
47.0
52.8
Ir [kgm2 ] 3.33 · 10−6 3.33 · 10−6 3.33 · 10−6
1 · 10−6
100
80
35
6
ke [Nm/rad]
de [Nms/rad]
0.05
0.05
0.05
0.05

1

1.1 1.2 1.3
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800 (c)
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↓
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↓
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Nevertheless, for the stated reasons, the highest impact
forces can be expected with the described configuration,
as was validated in simulation.
When using elastic actuation, the joint velocity can be significantly higher than the motor velocity. These effects are
discussed in the next sections. The consequences on the
selection of a worst case trajectory are beyond the scope of
this paper and are subject of future research.
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Figure 4: End-effector collision forces for (a)–(c) ETA,
(d) STA, (e) EJA, and (f) SJA (cf. Section 4).
(f) SJA with stiff coupling of motors and links.

Evaluated Actuation Designs

To achieve realistic results, the collision area is modeled
with the stiffness of the human neck, which represents one
of the safety-critical areas of the human body. The contact is modeled as Hunt-Crossley material with a combined
contact stiffness of kcoll = 104 N/m, the stiffness of the human neck area as given in [11], and a nonlinear damping
parameter of λcoll = 5 · 103 Ns/m2 . For details on the contact model we refer to [12].

For the comparative simulation several different actuation
designs are to be defined. All designs are based on the parameters of the BioRob-X4 arm, as listed in Table 1, and
combine tendon or joint with elastic or stiff actuation.
The first group of actuation designs uses Elastic Tendon
Actuation (ETA) with various stiffness settings:
(a) ETA with low tendon stiffness ke and damping de as
used in the BioRob-X4 arm (cf. Table 1),
(b) ETA with medium stiffness 8 · ke and damping 8 · de ,

5

(c) ETA with high stiffness 80 · ke and damping 80 · de .

5.1

In the case of infinite stiffness and damping, the ETA transforms into Stiff Tendon Actuation (STA), which is not practically implementable because of the inherent elasticity of
tendons and belts, but nevertheless interesting from a theoretical point of view to determine the upper bound behavior
of ETA with high stiffness:

Impact Evaluation
Impact without Current Limitation

The resulting end-effector collision forces are displayed in
Figure 4 and range from a peak force of 179 N for the
BioRob-X4 arm using ETA with the lowest stiffness to
822 N for the same robot arm structure with SJA instead
of elastic cable actuation, i.e. with the motors located in
the joints and rigidly connected to the links.
The static clamping forces after the first impact peak are
generated by the maximum actuator torques and the gravitational torques of the robot structure and depend on the
current robot configuration. For the designs (a)–(d) with
cable actuation, the static clamping force is about 80 N, for
the designs (e)–(f) with joint actuation the additional gravitational forces by placing the motors in the joints amount
to a higher static clamping force of 90 N.
As can be seen in Figure 5, designs (a)–(d) have roughly
the same kinetic energy

(d) STA with stiff coupling between motor and joint.
The last two defined actuation designs used for comparison
have the motors placed in the joints instead of using tendon
actuation. The first design uses a series elastic transmission
element between motor and joint, the Elastic Joint Actuation (EJA):
(e) EJA with motors placed in the joints.
The second design, Stiff Joint Actuation (SJA), exhibits
stiff coupling between motor and joint:

Ekin = Ekin,links + Ekin,motors
3

(1)
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Placing the motors in the joints, as in designs (e) and (f)
with joint actuation, results in a shift of masses towards
the end-effector increasing the inertia and therefore also
the kinetic energy of the robot arm from about 2 J to 24 J
for stiff transmission and 30 J for series elastic transmission. The increase in kinetic energy of these designs leads
to significantly higher impact forces. The impact kinetic
energy with elastic transmission (e) is higher than with stiff
transmission (f) because the elastic decoupling of motors
and joints enables independent joint dynamics with much
higher joint velocities. This effect is also visible when
comparing the kinetic energy of elastic tendon (2.18 J) and
stiff tendon actuation (2.13 J), although less distinct because of the lower link masses.
In contrast to the impact forces and energies the dominant factor on the joint torques is the transmission elasticity (cf. Figure 6). Low actuation transmission stiffness,
such as for designs ETA (a) and EJA (e), low pass filter the
collision shock on the motors and gearboxes.
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Figure 7: Comparison of the collision behavior of the
BioRob-X4 arm with elastic tendon actuation (ETA) (a)
and stiff tendon actuation (STA) (b) using ideal fuses with
switch-off current If,max = 6.3 A.
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Figure 5: Kinetic and potential energies for (a)–(c) ETA,
(d) STA, (e) EJA, and (f) SJA (cf. Section 4).
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Figure 6: Collision Torques of joint two for (a)–(c) ETA,
(d) STA, (e) EJA, and (f) SJA (cf. Section 4).
at impact time. The designs with lower actuation stiffness,
however, posses a less strong coupling between motors and
links, which acts as low pass filter on shocks from the links
to the motors. For that reason the actuators with low stiffness coupling exhibit a higher decay time constant of the
kinetic energy of the motors, as can be seen in Figure 5,
causing a decrease of peak impact force from (d) 334 N in
case of stiff coupling to (a) 179 N in case of low stiffness
coupling (cf. Figure 4).

5.2

Impact with Current Limiting Fuses

This section examines if the effects of the collision scenario presented in the previous sections can be attenuated
by limiting the joint torques using robust hardware safety
shut-off devices. For the given lightweight arm a decoup4
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Table 2: Effective end-effector mass Λc,z in normal and
Λc,x in tangential collision direction, and maximum effective mass Λc,xz in the trajectory plane at impact time
for the 4 DOF BioRob arm with elastic tendon actuation
(ETA), stiff tendon actuation (STA), elastic joint actuation
(EJA), and stiff joint actuation (SJA).
ETA

STA

EJA

SJA

Λc,x [kg]

0.009

0.239

0.119

0.471

Λc,z [kg]

0.023

0.155

0.306

0.755

Λc,xz [kg]

0.122

0.521

1.66

1.86

Table 3: Comparison of effective end-effector mass for the
configuration shoulder qS = 20 ◦ and elbow qE = −90 ◦
(cf. [7]). Values marked with ∗ are taken from [7].
DOF Reflected Payload Normalized
Inertia
BioRob-X4
Stanford S2ρ

ling of those joints for which the maximum joint torque
is exceeded without using brakes is feasible without compromising safety. This can be realized using a clutch-like
device on joint level or motor fuses limiting the motor currents.
A comparison of the effects of the fuses on the collision
forces and joint torques for elastic and stiff tendon actuation is shown in Figure 7. Ideal fuses with the lowest possible shut-off current of 6.3 A were chosen. Lower shut-off
currents would overly restrict the dynamics of the robot
arm and are therefore not suitable.
The fuse in the second joint blows at 23 ms for the elastic
tendon actuation, and at 3.6 ms for the stiff tendon actuation. In neither cases a reduction of the impact peak force
is achieved. As mentioned, the fuse switch-off current is
at the lowest acceptable level. The switch-off delays therefore cannot be further reduced.
However, the joint torque τ and motor torque τm are
bounded (to 13 Nm in the second joint) and the clamping
force is reduced to zero. Fuses can therefore be used to
prevent clamping in case the control software fails to do
so. In normal operation, however, the controller is able
to switch off the motors by software. Therefore, hardware based switch-off devices are only needed in the exceptional case of failure. To avoid additional complexity
and weight, electrical fuses are therefore more practical for
the presented setting than mechanical devices in the joints
limiting the joint torques.

5.3

4

0.344 kg

1

0.98 kg

∗

30.6 N

∗

∗

human arm

7

2.11 kg

Stanford DM2

3

3.51 kg ∗

6

∗

PUMA560

Eff. Mass

24.88 kg

20 N
62 N

0.017 kg/N
∗

0.030 kg/N ∗

60 N ∗
21.6 N

0.032 kg/N ∗
0.060 kg/N ∗

∗

1.15 kg/N ∗

Table 4: Comparison of effective end-effector mass in collision direction for the configuration shoulder qS = 0 ◦ ,
elbow qE = 0 ◦ , and wrist joint qW = −90 ◦ (cf. [14]).
Values marked with † are taken from [14], values with ‡
from [15].
DOF

Reflected

Payload

Inertia
BioRob-X4
DLR LWR 3

4
7

0.104 kg
4 kg

†

Normalized
Eff. Mass

20 N
147 N

0.005 kg/N
‡

0.027 kg/N

mass [7] is also listed. For the human arm a payload for
repeated manipulations is assumed.

6

Conclusions

The study shows for the evaluated collision scenario with
the BioRob-X4 robot arm that elastic tendon actuation reduces the kinetic impact energy by 90 % to 2 J, the effective
end-effector mass by 93 % to 122 g, the dynamic impact
force by 80 % and the static clamping force by 10 % compared to stiff joint actuation of the same robot. A reduction
of the impact torque shocks acting on the gearboxes is also
achieved. These improvements are due to the tendon actuation enabling the motor placement at the first link and at a
balancing position in the second link and by the transmission elasticity decoupling the motor from the link inertia.
By this means the robot arm exhibits a high level of safety
even at velocities as high as 6 m/s. At the outstretched configuration, the robot arm has an effective mass of only
100 g and remains below 0.5 kg throughout the workspace
excluding regions close to singular configurations.
The effective end-effector mass of 1.66 kg for elastic joint
actuators compared to 122 g for elastic tendon actuators
demonstrates that a major portion of the maximum payload
of 20 N is needed to support the robot structure when using
elastic actuators with motors placed in the joints. In case
of elastic tendon actuators, the weight of the distant links
is reduced and counterbalanced, such that only a minimal
portion of the maximum payload is required to overcome
the gravitational forces.
The evaluation of the effect of motor current limiting fuses

Comparison of Effective Mass

All simulated actuation designs used the same collision trajectory and roughly had the same impact velocity and configuration. Therefore, the effective end-effector mass in
operational space can be an appropriate measure for safety
comparison. The effective mass is calculated by transforming the joint level dynamics equations to operational
space [13]. Table 2 lists the effective end-effector mass of
all actuation designs at time of impact.
For comparison, effective mass values reported in literature
are listed in Tables 3 and 4. Because the inertia strongly
depends on the robot configuration, each table stands for
a distinct robot configuration as reported in the respective
sources. For better comparability the normalized effective
5
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showed that the peak impact force can not be reduced without imposing major limitations on the robot arm dynamics.
This holds for general joint torque limiting devices when
used in the presented scenario and high velocities. However, clamping forces and joint torques can be limited by
these devices in order to protect the hardware and environment from excessive stress caused by clamping in case the
control software fails. Therefore, motor current fuses are
sufficient and even beneficial compared to mechanical joint
torque limitation devices by saving weight and complexity.
With elastic tendons, the torque shocks after a fuse switchoff are low pass filtered and are not reversed abruptly as
in the case of stiff actuation, again being protective for the
hardware.
In summary, elastic tendon actuation can enable excellent
safety properties for high speed pHRI applications with
high safety requirements by reducing the link inertia and
decoupling motors and links.
Not covered in detail in this evaluation is the fact that elastic actuation can store energy and can lead to significantly
higher joint than motor velocities. The simulation results
indicate that the negative effect of elastic actuation on the
collision properties is much lower in case of elastic tendon
actuation with only a 2 % increase in kinetic energy, compared to elastic joint actuation with an increase of 19 %, at
least for the unloaded state. Future work will concentrate
on this topic in more detail.
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