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Soft
Robotics

After decades of intensive research, it seems that
we are getting closer to the time when
robots will finally leave the cages of indus-
trial robotic workcells and start working
in the vicinity of and together with

humans. This opinion is not only shared by many
robotics researchers but also by the leading automotive
and IT companies and, of course, by some clear-sighted
industrial robot manufacturers. Several technologies
required for this new kind of robots reached the neces-

sary level of performance, e.g., computing power, com-
munication technologies, sensors, and electronics integration.

However, it is clear that these human-friendly robots will look very
different than today�s industrial robots. Rich sensory information,
lightweight design, and soft-robotic features are required to reach

the expected performance and safety during interaction with
humans or in unknown environments. In this article, we will
present and compare two approaches for reaching the afore-
mentioned soft-robotic features. The first one is the mature

technology of torque-controlled lightweight robots (LWRs)
developed during the past decade at the German Aerospace Center

(DLR) (arms, hands, a humanoid upper body, and a crawler). Several products
resulted from this research and are currently being commercialized through cooperations
with different industrial partners (DLR-KUKA LWR, DLR-HIT-Schunk hand, DLR-
Brainlab medical robot). The second technology, still a topic of worldwide ongoing
research, is variable compliance actuation that implements the soft-robotic features
mainly in hardware.

We start by reviewing the main design and control ideas of actively controlled compli-
ant systems using the DLR arms, hands, and the humanoid manipulator Justin as exam-
ples. We take these robots as a performance reference, which we are currently trying to
outperform with new variable stiffness actuators. This leads us to the motivation of the
variable stiffness actuator design. We present the main design ideas and our first results
with the newactuator prototypes. Some experimental examples providing first validation
of the performance and safety gain of this design approach are presented finally.

Mechatronic Design of LWR with Joint Torque Sensing
In this section, a mechatronic design approach for obtaining the robots with the
desired lightweight and performance properties is briefly described. The following
aspects are of particular relevance.

u Lightweight structures: lightweight metals or composite materials are used
for the robot links.

u High-energy motors: In contrast to industrial robots, motors with high torque
at moderate speed, low energy loss, and fast dynamic response are of interest
rather than high-velocity motors. For this purpose, special motors, namely,
the DLR Robodrive, have been designed.

u Gearing with high load to weight ratio: Harmonic drive gears are used for the
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u Integration of electronics into the
joint, leading to a modular design:
This allows the design of
robots of increasing kinematic
complexity based on inte-
grated joints as in the case of
the DLR humanoid Justin.
Moreover, one obtains a self-
contained system, which is
well suited for autonomous,
mobile applications.

u Full-state measurement in the
joints: As will be outlined in
the ��Compliance Control
for Lightweight Arms�� sec-
tion, our robots use torque
sensing in addition to posi-
tion sensing to implement
a compliant behavior and
a smooth, vibration-free
motion. The full-state mea-
surement in all joints is per-
formed at 3-kHz cycle
using strain-gauge-based
torque-sensors, motor posi-
tion sensing based on mag-
netoresistive encoders, and
link side position sensors
based on potentiometers
(used only as additional
sensors for safety considerations).

u Sensor redundancy for safety: Positions, forces, and
torques are redundantly measured.

These basic design ideas are used for the joints in the arms,
hands, and torso of the upper body system Justin (Figure 1).
Moreover, because the joints are self-contained, it is straight-
forward to combine these modules to obtain different kine-
matic configurations. For example, the fingers have been used
to build up a crawler prototype. Figure 2 shows the exploded
view of one LWR-III (DLR-LWR-III) joint.

Compliance Control for Lightweight Arms
In the next two sections, the framework used to implement
active compliance control based on joint torque sensing is
summarized. The lightweight design is obtained by using rel-
atively high gear reduction ratios (typically 1:100 or 1:160),
leading to joints that are hardly backdrivable and have already
moderate intrinsic compliance. Therefore, we model the
robot as a flexible joint system. Thus, measuring the torque
after the gears is essential for implementing high-perform-
ance soft-robotic features. When implementing compliant
control laws, the torque signal is used both for reducing the
effects of joint friction and for damping the vibrations related
to the joint compliance. Motor position feedback is used to
impose the desired compliant behavior. The control frame-
work is constructed from a passivity control perspective by
giving a simple and intuitive physical interpretation in terms

of energy shaping to the feedback of the different state vector
components.

u A physical interpretation of the joint torque feedback
loop is given as the shaping of the motor inertia.

u The feedback of the motor position can be regarded as
shaping of the potential energy.
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(d) (e) (f)

Figure 1. Overview of the DLR Robots. (a) The DLR-LWR-III equipped with the DLR-Hand-II. (b) The
DLR-KUKA-LWR-III that is based on the DLR-LWR-III. (c) The DLR humanoid manipulator Justin. (d)
The DLR-Hand-II-b, a redesign of the DLR-Hand-II. (e) The DLR-HIT hand, a commercialized version
of the DLR-Hand-II. (f) The DLR-Crawler, a walking robot based on the fingers of the DLR-Hand-II.
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Figure 2. The mechatronic joint design of the DLR-LWR-III,
including actuation, electronics, and sensing.
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