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Abstract —  this paper outlines the 2nd genera-
tion of multisensory hand design at DLR. The results
of the use of DLR’s Hand I were analyzed and enabled
- in addition to the big efforts made in grasping tech-
nology - to design the next generation of dextrous robot
hands. An open skeleton structure for better main-
tenance with semi shell housings and the new auto-
matically reconfigurable palm have been equipped with
more powerful actuators to reach 30N on the finger-
tip. Newly designed sensors as the 6 DOF fingertip
force torque sensor and integrated electronics together
with the new communication architecture which en-
ables a reduction of the cabling to the hand to only
12 lines outline the electronics concept. The Carte-
sian impedance control of all the fingers completes the
new hand with its 18 DOF to what it is: the next step
to autonomous and humanoid grasping

1 Introduction

In 1997 DLR developed one of the first articulated
hands with completely integrated actuators and elec-
tronics (fig. 1) [4]. This well known hand has been in

Figure 1. DLR’s Hand |

use for several years and has been a very useful tool
for research and development of grasping. The experi-
ences with Hand I accumulated to a level that enabled
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us to design a new hand according to a fully integrated
mechatronics concept which yields a reasonably better
performance in grasping and manipulation and there-
fore accelerates further developments.

2 Design Philosophy

In order to achieve the goal of maximum flexibil-

ity and performance our philosophy is the miniatur-
ization and complete integration of all components of
the hand and also the massive reduction of cabling.
As on DLR’s Hand I the main aspects in developing
the new hand were maximum performance to improve
autonomous grasping and fine manipulation possibili-
ties and the use of fully integrated actuators and elec-
tronics without a forearm. This is the only possibil-
ity to use an articulated hand on different types of
robots which are not specially prepared to be used
with hands. Hands with forearms [5] or hands with
just grasping abilities allow for a much smaller and
thus more anthropomorphic design due to the pos-
sibility of using the additional space in the forearm
for actuators and electronic components, but restrict
the usability with e.g. industrial robots. Farther dis-
placement of those components as known from the
MIT-Utah Hand [3] nearly disables the use on mo-
bile robots.
Furthermore the hand must be easy to maintain and
use and even economically rebuild-able in case of any
damage by daily research usage. For a good overview
of more than fifty dextrous robot hands see [6].

3 The DLR Hand II
3.1 Open Skeleton Design

Due to maintenance problems with Hand I and in
order to reduce weight and production costs the fin-
gers and base joints of Hand II were realized as an
open skeleton structure. The open structure is cov-
ered by 4 semi shells and one 2-component fingertip
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housing realized in stereolitography and vacuum mold
(fig. 2). This enables us to test the influence of dif-
ferent shapes of the outer surfaces on grasping tasks
without redesigning finger parts.

Figure 2. Finger with semi shell housings and rubber skin
fingertip.

3.2 Kinematic Design of DLR's Hand Il

The design process started on an anthropomophic
base by evaluation of different workspace/manipu-
lability measures like those of Salisbury [7] or
Yoshikawa [9] to get optimal ratios of link lengths of
one finger. The desired objects to be manipulated
and technological restrictions resulted in absolute link
lengths.

The second step was to get suitable hand kinemat-
ics. The main target developing Hand II beside the
ability for fine manipulation has been the improve-
ment of the grasping performance in case of precision-
and power-grasp. Therefore the design of Hand II was

Figure 3. Optimization of kinematics with scalable hand-
model.

based on performance tests with scalable virtual mod-
els as seen in fig. 3. Soon it turned out very impor-
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tant to be able to change the position of the 4th finger
and the thumb as well. To perform power-grasps it
is absolutely necessary to have a nearly parallel posi-
tion of the second, third and forth finger as seen in
fig. 4. On the other hand performing precision-grasps

Figure 4. Simulation of Hand Il in power-grasp- and fine
manipulation configuration.

and fine-manipulation requires huge regions of inter-
section of the ranges of motion and the opposition of
thumb and ring finger (fig. 4). Therefore Hand II was
designed with an additional minor degree of freedom
which enables to use the hand in 2 different configu-
rations. This degree of freedom is a slow motion type
to reduce weight and complexity of the system. The
motion of the first and the fourth finger are both re-
alized with just one brushed dc motor using a spindle
gear.

The realized finger positions for both types of grasp-
ing were designed virtually and mapped to each other
using the positions of 2nd and 3rd finger. Realizable
kinematics were calculated and imported to the two
virtually found configurations and optimized unless
the actual configuration with an overall number of 13
DOF was found (fig. 4).

3.3 Actuator System

The three independent joints (there is one addi-
tional coupled joint) of each finger are equipped with
appropriate actuators. The actuation systems essen-
tially consist of brushless dc-motors, tooth belts, har-
monic drive gears and bevel gears in the base joint.
The configuration differs between the different joints.
The base joint with its two degrees of freedom is of dif-
ferential bevel gear type, the harmonic drive gears for
geometric reasons being directly coupled to the mo-
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tors. The differential type of joint (fig. 5) allows to
use the full power of the two actuators for flexion or
extension. Since this is the motion where most of the

Figure 5. Differential bevel gear of the new basejoint.

available torque has to be applied, it allows to use the
torque of both actuators jointly for most of the time.
This means that we can utilize smaller motors.

The actuation system in the medial joint is designed to
meet the conditions in the base joint when the finger
is in stretched position and can apply a force of up to
30 N on the finger tip. Here the motor is linked to the
gear by the transmission belt (see [8] for advantages).
The motor in the medial joint has less power than the
motors in the base joint, however there is an addi-
tional reduction of 2:1 by the transmission belt. Thus
we achieve the torque which corresponds to the torque
created by the two motors in the base joint for an ex-
ternal force of 30 N on the finger tip. The harmonic
drives used are of the same type for all joints, since
the smallest appropriate type can stand the torque
for both types of actuation.

3.4 Sensor Equipment

A dextrous robot hand for teleoperation and
autonomous operation needs (as a minimum) a set
of force and position sensors. Various other sensors
add to this basic scheme (see table). FEach joint
is equipped with strain gauge based joint torque
sensors and specially designed potentiometers based
on conductive plastic. Besides the torque sensors
in each joint we designed a tiny six dimensional
force torque sensor for each finger tip which will be
explained more precisely in 3.5. The potentiometers,
each with an analogous filter of third order, would
not, be absolutely necessary, since one may calculate
the joint position from the motor position, however
they provide us with a more accurate information of
joint position, and they can by the way eliminate the
necessity of referencing the fingers after power up. In
case of not using the potentiometers one would have
to consider the elasticity of the transmission belt
and the harmonic drive. With the potentiometer we

111

achieve a resolution for the joint angles of 1/10°, this
means approximately 10 bits for the joint.

sensor type | count/ range (resolution)
finger
joint position 3 110° (10 bit);
120° (10 bit)

joint torque 3 2.4; 4.8 Nm (11 bit)
force/torque 1 10-40N;150Nmm(11 bit)
motor speed 3

temperature 6 0-125 °C (8 bit)

Since the base joint is of differential type, one has to
calculate the joint position of the base joint from the
potentiometer values. There was no way to measure
the joint position directly due to space restrictions.
For increasing the controllability of the actuators we
appreciate speed sensors. Like in DLR’s first genera-
tion hand we utilize so called Tracking Converters [1].
In contrast to the old version the complete calculation
is done by software since there is enough computing
power available now. The sensor itself is basically a
position sensor with very high resolution, where the
speed can be calculated by differentiation of the po-
sition signal. Each motor is equipped with two linear
Hall effect sensors which are used for commutation of
the motors as well. These sensors supply two sinu-
soidal signals with a phase shift of 120°. The position
within the magnetic cyle of the motor is calculated
from these signals. By additionally counting the cy-
cles the position can be calculated. This type of sensor
gives us just a relative position of the motor and has
thus to be referenced after power up.

3.5 Force Torque Fingertip Sensor

A tiny six dimensional force torque sensor (20 mm
in diameter and 16 mm in height) as shown in Fig. 7
with full digital output has been developed for the
fingertip.

The force and torque measure ranges are 10 N for
F, and Fy, 40 N for F,, 150 Nmm for M,, M, and
M. respectively. Also a 200 % mechanical overload
protection is provided in the structure.

Measuring principle: The mechanical structure
(as shown in Fig. 6) of the sensor is composed of two
sensitive parts, one is a round plate (base element)
with three symmetrical sensitive beams, another is a
cantilever beam.

There are three elastic beams in the base element,
which are sensitive to the M,, M, and F, by mea-
suring strain €;, e, and e3. The cantilever beam is a
rectangular pipe with a very thin wall. By using spe-
cialized torsion shear strain gauges it can measure the
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base element

Figure 6. Mechanical structure of six dimensional force
torque sensor.

F,, F, and M..
F, = Ki(er —e€9)
Fy = K2(68 —610)
F, = Ks[(e1 —€2) + (€3 —€1) + (€5 — €5)]
Mw = K4(63 — €4 —€5+66)

=
I

1
K5 |:61 — €9 —5(63 —€4+€5—66)

=

. = Kegler —es + €9 —€1p)

Where K; are the calculation parameters.

Figure 7. Six dimensional force torque sensor in fingertip.

Internal electronics: By using the latest technology
the sensor with internal electronics can provide force
and torque data at very high bandwidth and with very
low noise. Signals from foil strain gage bridges are
amplified and converted to digital representations of
the force and torque applied to the sensor. All low
level analog signals and the A/D converter (12bit) are
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within the sensor body, shielded from electromagnetic
interference by the metal sensor body.

3.6 Integrated Electronics

One major goal of the design of the new DLR Hand
was to fully integrate the electronics needed in the fin-
gers and the palm in order to minimize weight, the
amount of cables needed for a multisensory hand, and
to increase the reliability by minimizing the amount of
cables moved crossing the joints. In case of joints with
a single degree of freedom we solved the problem of re-
liability by using flexible printed circuit boards (PCB)
with appropriate bending space within the links (see
top of Fig. 8). Tests showed after 100,000 cycles no

Figure 8. Set of PCBs in one finger.

visible or measurable effect on the flexible PCB.

In each link at least one serial ADC with 8 channels
and 12 bit resolution converts the sensor signals as
near as possible to the sensor circuitry into digital
data. Thus only digital data is crossing any joint of
the finger.

The power converters for driving the motors are lo-
cated directly beside the motors and they are galvan-
ically decoupled from the sensor electronics in order
to minimize any noise induced by the running motors.
Moreover the different fingers are galvanically decou-
pled from each other, too.

3.7 Communication Architecture

The control of the fingers and the hand is done by
an external computer. In order to use the hand freely
on different manipulators and to reduce cables and the
possibility of noise in the sensor signals, we decided to
design a fully integrated serial communication system.
Each finger holds one communication controller in its
base unit (see fig. 9). This controller is responsible for
the collection and distribution of all information of
interest. Furthermore it does some reasonable signal
processing.
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Figure 10. The communication controller in the hand base
links the fingers to external computers.

It collects the data of all five ADCs per finger with
together 40 channels of 12 bit resolution each and
transmits these data to the communication controller
in the hand base (see fig. 10). On the other hand it
distributes the data from the control scheme to the
actuators for finger control.

The communication controller in the hand base links
the serial data stream of each finger to the data stream
of the external control computer. By this hardware ar-
chitecture we are able to limit the number of external
cables of DLR’s Hand II to a four line power supply
and an eight line communication interface since the
data is transmitted via differential lines. This inter-
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face even provides the possibility of using a quick-lock
adaptor for autonomous tool exchange. Reducing ex-
ternal cabling from 400 (in Hand I) to 12 here, is one
of the major steps forward in our new hand.

4 Cartesian Impedance Control

Salisbury [7] implemented cartesian stiffness con-
trol by using fingertip force sensors. The stiffness con-
trol scheme has the disadvantage of not being able
to actively control the complete system dynamics, es-
pecially the system damping parameter. Hogan [2]
introduced the impedance control scheme, which will
improve system dynamic characteristics greatly. Us-
ing this control scheme we may control the complete
impedance property of a finger:

Fopy = Myiy + Bydiy + Kgdxy,

The equation above is central to the cartesian
impedance control of the finger, where My, By, K are
the 3 x 3 diagonal desired target impedance parame-
ters of the finger. The selection of parameters will
determine the directions in which large impedance is
desirable and the directions in which small impedance
is desirable. dx; = x — x4 is a 3 x 1 vector of posi-
tion errors, while x, x4, and F,,; are 3 x 1 vectors of
actual positions, desired positions and external forces
in the fingertip coordinate system, respectively. An
essential variable in the compliant motion is the gen-
eralized force, F¢,:, exerted by the end-effector. It is
possible to select the coordinate system in view of the
environment constrained in such a way that matrix
My, By and K, are diagonal. Each diagonal element
is associated with a definite coordinate direction. For
example, if a particular diagonal entry of the stiffness
matrix Ky is small, then the contact force in this di-
rection is small. On the other hand, when a specific
diagonal entry is chosen as a large number, indicat-
ing a stiff spring, even a small displacement in this
direction results in a considerable force. A large stiff-
ness coefficient requires an accurate position control.
The desired environmental generalized force may be
generated indirectly by controlling the corresponding
positions accurately.

When a robot hand performs any fine manipulation,
there is always need that the fingertip should be soft
in the direction normal to the contact surface and
hard tangential to the contact surface. Therefore the
impedance should be adaptable to the orientation of
the fingertip. Therefore, a cartesian impedance con-
troller has been built as shown in Fig 11. In steady
state, all measured and desired velocity and accelera-
tion values are zero. This induces that the value of the
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steady state torque is the stiffness multiplied by the
steady state deformation 66, and the fingertip behaves
like a programmable spring.

5 Conclusion and Future Work

DLR’s work on one side aims at the development
of robonaut systems for space applications and on the
other side at the terrestrial use of ultralight weight
arms and multifinger hands on mobile platforms. The
DLR Hand II, for us, is a big step forward in approach-
ing the goal of hands with human-like size and perfor-
mance. Currently one new hand is in use in our lab
meanwhile the second hand is in the stage of assem-
bly. Future work will be a redesign to get the hand
ready for manufacturing in a small series und on the
other hand to get the hand simplified and qualified for
space applications. Parallel to this work various efforts
towards autonomous grasping and manipulation with
the new hand are in progress.
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Figure 11. Block diagram of cartesian impedance control.
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My : Desived Inertia in O-Xo V07
By: Desired Damping in OXaVeZy
Ky : Desired Stiffress in O-XuWhZy
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