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Abstract— The consideration of uncertainties in robotic ma-
nipulation tasks is often significant to achieve a reliable ad
successful operation. This becomes especially relevant the
case of unstructured environments. This paper focuses on
considering uncertainties from a design and control perspetive.
It is well known that impedance control can be used to account
for position uncertainties. The compliance properties tha are
given to the controlled system avoid that excessively larderces
are exerted on the environment. We present several applicans
for robotic hands and furthermore an impedance controller
for torque controlled complex kinematic chains. However, he
mechanical robustness for such, rather stiff, systems isrhited
and much lower than that of humans. Further, the reaction time
of the actively controlled compliance is bounded. Embeddig
the compliant behavior directly in the robotic design is theefore
a solution that gives two benefits. On the one hand the complig
features help to cope with position uncertainty, and on the ther
hand the introduced mechanical compliance acts as mecharic
low pass filter to external forces, and therefore protects th
gears and motors. The hand subsystem of the DLR hand arm
system is presented here, that possesses significantly ieaased
robustness and flexibility at the same time.

Fig. 1. DLR’s humanoid Robot Justin.

and motors. This way, the robustness of the robotic system
. INTRODUCTION is increased significantly.

i , i ) . We will start by reviewing the main control ideas of

In rob_ot|c manipulation tgsks, uncertainty plays a CrUCIa‘cllctively controlled compliant systems using as examples th
role. This becomes especially relevant in the case of Ups g armg hands, and the humanoid manipulator Justin (Fig.
structured environments. The robustness of task execut|g51 We are taking these robots as a performance reference

can be improved by special measures in several fields, {f,ich, we are currently trying to outperform with new vari-

partpular the mampu_lator design, th? control strategyl a 5pe stiffness actuators. This will lead us to the motivatio
the higher-level planning methods. This paper focuses en ty, design of a robot hand with variable stiffness (Fig. 28. W

first two topics. It is well known that impedance control canyi hresent the main design ideas and our first results with
be used to account for position uncertainties. The compdian the new prototype. An experiment using a hammer provides

properties that are imposed to the controlled system avomst validation of the gain of this novel concept.

that excessively large forces are exerted assuming that thq\Jote that this overview paper is based on the article [1]

controller parameters are chosen appropriately. In the €% the first part, and the second part is taken from [2]. Rleas
of grasping actions this leads to a robust behavior w.r.t. '

geometrical object properties and contact point uncerésn
Furthermore, in this case no contact detection nor coetroll
switching is needed compared to hybrid force position con-
trolled approaches. With this concept interesting appibos

can be developed. However, the mechanical robustness as
well as the reaction time of the actively controlled compli-
ance are limited. Embedding the compliant behavior diyectl

in the robotic design is therefore a solution that gives two
benefits. On the one hand the compliant features help to
cope with position uncertainty and on the other hand the
introduced mechanical compliance acts as mechanical low
pass filter to external forces and therefore protects thesgea Fig. 2. DLR hand arm system.




find the discussion of the state of the art therein. I11. | MPEDANCE CONTROL FORCOMPLEX KINEMATIC

Il. COMPLIANCE CONTROL FORLIGHT-WEIGHT ROBOTS CHAINS

In the next two sections, the framework used to impleme?t We ﬁhow hf)W to apply thek!mpeda}ncltla control conclept
active compliance control based on joint torque sensing om the previous se_c_tu_)n to Kinematically more complex
summarized. The light-weight design is obtained by usinﬁ)bot system_s, like artificial hands and anthropomorphgs tw
relatively high gear reduction ratios (typically 1:100 or ﬁndgd _mamr;ulator sy_stems. il . & is th
1:160), leading to joints which are hardly backdrivable ancT € e?'gﬂ. 0 approprlite E}otentla uncUo??ls(q) IS the h
have already moderate intrinsic compliance. Therefore, pic 0 this _sec'uon. u_rt ermoré, we Will assume the
model the robot as a flexible joint system. Thus, measuri tential functhnVS of a virtual spatlal_sprnjlgz like e.g. the_
the torque after the gears is essential for implementin es o!e|5|fgned_ n [6]’15[7]’1[3]’ as adbasmdbundmg bliCk'STh'
high performance soft robotics features. When implementi Ij([)tentla unctu:jn;s( L Q’IE) epen ﬁ_or? ;WO rames
compliant control laws, the torque signal is used for redgci ~* L € SE(3) andH € SE(3) _etwegn whic the SPring 1S
the effects of joint friction, and in the case of the arms agcting, and also on some configuration-independent irtterna

well as to damp vibrations related to the joint compliance[.)arametergc’ like the stiffness values or the rest length.

Motor position feedback is used to impose the desired Artificial Hands
compliant behavior. The control framework is constructed The DLR hand Il is equioped with ioint toraue Sensors
from a passivity control perspective, by giving a simple and quipp J q

S S S . In addition to joint position measurements. Thereforesit i
intuitive physical interpretation in terms of energy shapi : .
to the feedback of the different state vector components. possible to apply the impedance control aspects as presente

In order to simplify the analysis and to be able to enera.p the previous section to our anthropomorphic robot hand.
ize the ioint Ievelr;\ roach alsyo to Cartesian coordir?l he feedback of the torque sensors is used to increase the
: I  approac ' backdrivability, respectively the sensitivity, of therts. Due
idea of interpreting the joint torque feedback as the srgaplnto the small link masses and the high mechanical joint

of the motor inertia plays a central role [3], [4]. stiffness, vibration damping is not an issue here. Theegfor
Using motor positiond for control and not the link o ping ' il
the approximatiory = & = g can be made.

position g is essential for the passivity properties of the The impedance control for hands can be used with dif-

controller. However, the desired position and stiffness ar]c { task dinates. The hand will be often i tact
usually formulated in terms of the link position. For the erent task coordinates. The hand will be ofien In contac

impedance controllers of the DLR light-weight robots, theWIth an object and thergfore the concepts Of. mpedance
position feedback has the form _control can be fully _explonéd For power grasps joint Ieve_I
- impedance control is applied. A pragmatic way to realize
w— _3VP(‘1(9)) —Dyb +9(q(0)) (1) Power grasps is to teach two joint configurations: One to
00 preshape the hand and the second one with the virtual
with « being the input to the torque controllel/» a equilibrium position within the object, such that internal
positive definite potential function, afdly a positive definite forces are applied. This way it is easy to e. g. grasp a spray
damping matrix chosen for a well damped transient behavigan or to catch a ball (c.f. Fig. 3).
[5]. This is the classical structure of a compliance coiérol
for rigid robots, except for the fact that, instead of theklin
positiong, a position signa(0) is used, which istatically
equivalentto ¢, i.e. g(0) = q if ¢ = 6 = 0 and can be
computed numerically[3], [4].
Since now the position feedback is again only a function of
0, the passivity of the controlled robot is given with respecFig. 3.  Catching a flying ball using a power grasp realized biyt]
to the input-output paifT..¢, g). impedance control.
In order to obtain a joint level impedance controller, one _ .
can simply us&/p(q) = 1(q, — a)" Ks(q, — ), while for If the fingers have to be positioned separately frpm each
Cartesian impedance contrigh is defined as function of the Cther (e.g. the use of a touchpad or playing the piano (see
Cartesian coordinates(g) as detailed in section Sec. III. F19: 4)), itis useful to apply Cartesian fingertip controher
The external torquer.,; is then replaced by the eXtemaﬂ|mpe(_:ianc_e control is used here to decre_ase the stiffnesg alo
force? F,,. A Lyapunov function for the system is obtainedthe direction of contact whereas the stiffness for the ddter

by summing the kinetic and the gravity-potential energy ofOSitioning over the keyboard is high. By modulation of
the rigid part of the robot dynamics with the kinetic energy"€ trajectories to press the keys, the playing volume was

of the scaled motor inertia and the potential energy of thadiusted. In Fig. 5 the recorded piano sounds demonstrate
controller [3], [4]. the capabilities to generate many loudness levels between

pianissimo and fortissimo.

in practice we often use indeed the trivial approximatigi®) = 6 for
applications in which high position accuracy is not reqglire 3Beside grasping a hand has to be able to perform also tasks lik
2The relation between the external tip for#&...; and the external joint gesticulation. However, in this case no particular positig accuracy is
torque Teqt is Text = J(Z])TFeJLt required.



positionsp, (g) by an appropriate kinematic relationship. The
definition is such that it enables the spanning of the null-
space of the grasp matrix by internal forces generated by
virtual elastic elements connecting the virtual objectrfea
with the finger tips (Fig. 6).

The definition of a potential functio’(g) to derive an
object level controller is then described by the superpo-
sition of two potentials: the potential of a spatial spring
Vs(Hno(q), Hpo,a, Kno) between the virtual object frame
H},(g) and a virtual equilibrium framed;, 4 and a po-
tential V;,.(g, Kr.) describing thei** spring connecting the
virtual object with theit" frame of the fingertipsH ;.:(q)

for i =1... N that are used to generate internal forces, i. e.

VP (‘7) - ‘/S(Hho (?1), Heq7 ICho) + th(fl, th)- (2)

The expression«C;,, K. contain the stiffness matrix of
the spatial spring and the coupling spring parameters, re-
spectively. The potential for the coupling springs is diffiet
from the potentials for spatial springs and is chosen to be
spherical for each fingertip[9]:

Fig. 4. DLR Hand Il playing piano.
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Fig. 5. Recorded piano sound signal demonstrating thetalbdi play at . _ _ _ . .
varying loudness. with Ap,(q) = p,;(q) — p,(gq) being the distance from the

position of the fingertip frameé to the virtual object frame
position p;,, and K., > 0 the corresponding coupling

The most interesting case from a control point of view istiffness.
the fine manipulation of a grasped object since all degrees . .
of freedom ofr'zhe hand neeg to rt;e coo:dinated to its mc?tio%.' _Employing Impedance Control for Two-Handed Manipu-
In this case the combined system containing arm, han ,'[IOI’I
and object represents a parallel robot (Fig. 6). The task A natural extension of the impedance control approaches
coordinates consist of two contributions. On the one harf@r the arms and hands allows to formulate intuitive com-
the Cartesian coordinates of the grasped object, on the otliiance behaviors also for more complex anthropomorphic
hand the coordinates that are related to internal forces. manipulators like the upper body of the humandigstin
In [9] we introduced a passivity-based object-level coiero  (Fig. 1). This system was built at DLR as a testbed for
for a multifingered hand based on a virtual object similagtudying two-handed manipulation tasks. It consists of two
to [10]. In contrast to the IPC [10] the object frame isfour-fingered artificial hands, two light-weight arms, and a
defined uniquely by the = 1...N Cartesian fingertip sensor head mounted on a movable torso including the neck.
Overall, Justin has 43 degrees of freedom.

In this case there are virtual object frames for the right and
the left armH , ,(q) and H, ,(q) Similar to multifingered
hands, the compliance control in between the two hands has
to handle the interaction forces between the two arms as
well as the forces which they exert cooperatively on the en-
vironment. The implementation, however, is even simpler in
this case and can be done by combining two spatial springs.
One spatial spring defines the relative compliance between
the arms and can be described in a straight-forward way by
the potential functio(H, ,(q), H;,(q), K.). For imple-
menting the cooperative action of the two hands it is useful
to rely on a virtual object frameH ,(H, ,(q), H,,(q))
depending on the two virtual object frames. This object
frame describes a relevant pose in between the hands usuall
just the mean between the pose of the right and left hand
Fig. 6. DLR Hand Il superimposed by the virtual springs defiby the ~ frame) and thus represents the pose of a grasped object.
potential functions in (2) and the virtual object. This virtual object is then connected via a spatial spring




Ko, to a virtual equilibrium poseH, 4. In combination collision, external forces or acceleration of the link imeeis

with the coupling stiffness, one thus can intuitively defineeonverted to elastic energy. This power source can be used
an impedance behavior which is useful for grasping larg® regain kinetic energy and therefore enhance the dynamics
objects with two hands. This compliance behavior can easilyf the system, e.g. flipping small objects.

be combined with the potentials related to internal forces To improve positioning accuracy most robots are currently
(Fig. 7). The complete potential function is then given by built as stiff as possible. Compliance of thestif robotsis, in
most cases, realized using impedance control as presented i

Vr(@) = ‘/;(HO(P{T’O(Q)’ P{lv(’@))’ Ho.d,Ko) + the previous section. Impedance control enables an "dctive
Vs(Hr0(@), Hi,0(q), Ke) + respectively controlled, compliance by means of a feedback
Vher (@, Kher) + Vi (@, Kner) - (4) controller running at a specific sampling rate. To reach the

Notice that all il spri . far desired compliance the inertia of the robot and in particula
otice that all spatial springs generate joint torques ! the drives need to be accelerated to desired position and

arms, hgnd_s, as well as f(_)r the tprso Py computing th§peed. Haddadin [11] has shown that the peak load during
total derivative of the potential function with respect tet impact of the impedance controlled DLR LBR Il occurs
generalized coordinates of the complete mechanism (2 (1to fast to be measured in time by the joint torque sensors.
The presented control approach results in a passive Closégnsequently, anystiff robot using "active compliance”
loop system by design, and it is therefore related to Oth%rppears stiff in case of collision

intuitive passivity based control approaches like the IRQ).[ In [12], Wolf shows that the actuation systems used within

Moreover, the chosen set of virtual spatial springs allow§,. 5 R Hand Arm System can produce a link speed 2.6

for a conceptua_llly .si_mple phVSiC‘?" in_terpretation .and €9NS times the drive speed using the energy stored in the elastic

quently for an intuitive parametrization in any higherdev ?Iements. In case of collision the decoupling of drive and
9

plqnning stage. An important fe_atur_e_is th_e r_ealization nk, through to energy storage, results in lower peak tesju
?nbi:zzgf);csgsiir‘odnIzaeggr?;r?trizess tlr?;ftgﬂ?:jvggh dILT;zpt?)deari?[():r on the drivgsStiff robotscan not store energy. Therefore, any

) o . g externally introduced energy has to be dissipated activgly
modeling or !chl|zat|on, the object robot system will reac the drives.
a stable equilibrium. Still, it needs to be mentioned that this architecture
requires twice the amount of drives to actuate the joints.
Furthermore, modular hands can be attached to various robot
arms since they are self-contained. The relocation of the
drives in the forearm requires the use of a suitable arm.

In the following section a novel anthropomorphic robot
hand with variable stiffness actuation is presented thaf is
human size, and possesses dynamics and force capabilities
as well as grasping abilities close to the human archetype.
First experimental results confirm our design concept.
= Another contribution of this design is the consequent

] design methodology to derive anthropomorphic robots from

biology: Since the spread between biological and technical

Fig. 7. Two-hand impedance behavior by combining the objecél systems is very Iar_ge, the key to a robust and h_ighly dynamic
impedances of the hands and the arms. hand arm system is to understand the human in a functional
way rather than seamlessly trying to copy it. At the same time

“drawbacks” of the biological system are not transferred to

IV. 'ROBOTIC HAND DESIGN TO COPE WITH the technical system while providing maximal performance

UNCERTAINTY INTRINSICALLY [13]-[15].

Human joints are actuated antagonistically. Every degree In this section first the design consideration of the forgarm
of freedom (DoF) has an agonist and an antagonist muscte wrist, and the hand are presented. An overview of the
This is inevitable since human muscles are only able to preoordinated hand wrist control is given.
duce tensile force. Since the muscles, tendons and ligament
are compliant having nonlinear stifiness characteristics A Forearm
human is able to adjust the joint stiffness a priori by The fingers are actuated via the ServoModules. A mul-
activating agonist and antagonist simultaneously. Tloeeef titurn winder transfers the rotational gear motion to the
especially in known or predictable situations, the human iendons. The compliance mechanism is similar to the one
able to adapt his stiffness to prepare for impact. described in [13]. One difference is that the winder alsa act

In humans, the elasticity provided by the muscles, tendoms the first pulley of thethan . mechanism” (Fig. 8). This
and ligaments decouples the link position from the driveeduces the number of required pulleys.
position by storing energy. Generally speaking, the energy The requirements for the actuators of the wrist and the
introduced into the system, no matter whether caused byfarearm rotation are almost identical. Therefore, the cachp




ServoModules were used in slightly modified versions. The
required torques for the forearm rotation and wrist actunti \
are higher than the ones for finger actuation leading to a '
actuation using rods instead of tendons. This enables the us
of the recently developed BAVS actuation [2].

B. Wrist

The desired motion range of the wrist and the expected
tendon forces demand a special wrist design (Fig. 9). Arolle
guidance, which minimizes the tendon elongation during
the wrist motion was developed. It keeps friction small
and undesired centering forces from the hand tendons low.
The wrist is based on the principle of an antiparallelogram
('_:lg'_ 9). Cro_ssmg_ bars held a_t base .and end _a”OW for Iélg. 9. Hand and wrist of the DLR Hand Arm System. Due to spacia
pivoting motion without changing their respective lengthrestrictions, several sliding surfaces are used for théctemouting. In order
This principle was extended to a spherical antiparallelogr fjo e,”SUr:e proper &“Otion of th*l? fciif(‘jg?fs ‘IE\]{e,” at hﬁfh pfeteﬂi‘lfm‘dpa'_m

. . . . esign has to introduce minimal additional friction. ere, a palm design
mechanism, Whl(_:h allows _forft3()° S|dev_vay5 r_notlon_, S sing ball bearing pulleys was realized.
well as £90° flexion/extension of the wrist. It is designed
to withstand 6'.5 k.N’ L.e. the sum of the maximum tendor?nechanism was designed to mimic the motion of the 5th
forces. The wrist is actuated by 4 ServoModules to aIIovy

. > . - inger metacarpal bofe
for motion and partial stiffness adjustability.

The structure of the finger is designed as an endoskeleton
C. Hand with bionic joints [14]. The finger base (metacarpal) joint

The hand is the most exposed part of the robot, althoudﬁ a hyF’_er?‘?'Oida”y shaped saddle jf’i”t bepause the .human
it has the smallest force capabilities. The required fmurcondylo'd joint type can not_ be replicated in .a_meamngful
are large dexterity, manipulation capabilities, and rofess technical way. The finger (interphalangeal) joints, on the

against unwanted collisions. As the human hand is high ther hand, are designed as hinge joints. All joints allow

underactuated and uses several muscle/tendon syner§jes [ |5I0<E)at|(t)n W'th(;)m c:amﬁget Itn case of overtlﬁdm ad(tjr:tlon f
which are not technically realizable, a plain copy of th 0 robustness due to short-lerm energy storage, he use o

human hand is not reasonable. The hand design has to jyagonistic actuation enables to cope with tendon slasgen

based on an abstraction of the fundamental functionalitié¥ overstretching, Wh'Ch is one of the ’T‘alo'f problems of
of the human hand. To reduce the number of drives, Dolfko"v";‘dayS tendon-driven hands having inevitably constant

which have relatively low impact on grasping abilities stiou tendon length. In contrast, antagonistic actuation is &ble

be omitted. These missing DoFs have to be (:ompensat(f‘é?impenSate unaligned pulley axes, and other geometrical
functionally by the kinematics design of the hand [15] errors via the elastic elements of the drive train. Theesfor

Overall, the kinematics of the new hand (Fig. 9) is closelyp
adapted to the human hand on a functional basis [15]. .
conSists of 19 independent DdF& order to reduce [thg B Wrist/Hand Control
number of necessary drives. The 2nd (PIP) and 3rd (DIP) The major task of the wrist/hand control is to deal with the
finger joint of the ring and fifth finger are coupled to reducdarge number of actuators and its kinematic joint couplings
the number of necessary actuators. The 5th DoF of theA controller was designed that accepts the joint position
human thumb turned out to be of low relevance [15], [L7pnd mechanical joint stiffness as input values using the
and has been omitted. To ensure proper opposition of tioperties of the antagonistic motor/tendon arrangement.
thumb and the 5th finger, an antagonistically driven 4 bardowever, the tendon routing does not allow for an arbitrary
intrinsic stiffness matrix. To increase the compliancegean
“Thumb 4 DoF, index finger 4 DoFs, middle finger 4 DoFs, ringfinge an impedance controller is used in series with the progressi
DoFs, Sth finger 4 DoFs _ springs. The control scheme implemented on the system for
sprng pulley  winder the finger/wrist control is depicted in Fig. 10. It assumes
that the singular perturbation hypothesis is holding. €her
fore, the joint control and the tendon control are analyzed
independently. The inputs of the impedance block are the
reference joint trajectories and the current joint posgio
According to the user defined impedance, it leads to the

T a
Afentimeing by spft senp desired joint torques that can be mapped to the tendon forces
Fig. 8. Antagonistic drive compliance mechanisniafi o mechanism”):
The pulley located at the spring loaded lever rotates ardghadcenter of
the guiding pulley. Due to this design, a non-linear refatietween tendon
force and spring elongation is obtained. a) low mechanitfihass due to
small « b) large « results in high stiffness.

o explicit tendon tensioner is needed [13].

Sthe first bone of the finger located within the palm
6the elongation of the tendons in case of dislocation is corsgied by
the elastic elements of the antagonistic drives



(Fig. 10, B) by using the kinematic structure. The tendoroncepts are also tolerant versus uncertainties in detgcti
forces are finally given as references to the underlyingdand collision.

force controller (Fig. 10, C). A kinematic model of the Based on our experience with torque controlled robotic
wrist is used to compensate for the tendon displacemenands, we presented a critical analysis on the advantages
due to motion of the wrist (Fig. 10, A). The controllerand also disadvantages of VS driven hands. Furthermore,
must ensure a constant pulling constraint to avoid slac#t, athe design of the hand of the DLR hand arm system, which
needs to prevent excessive force on the tendons (Fig. 10, ¥.motivated by this analysis, was presented.

Hence, the safety block D provides a boundary limitation,

for minimum and maximum tendon forces, via a saturation
of the reference forces. [1] A. Albu-Schéffer, O. Eiberger, M. Grebenstein, S. Hadu, C. Ott,
Thi troll t tarti int f hich T. Wimbock, S. Wolf, and G. Hirzinger, “Soft roboticsRobotics
IS controller represents a starting point from which a  ayomation Magazine, IEERoI. 15, no. 3, pp. 20 —30, sep. 2008.
coordinated control architecture can be developed in doder [2] M. Grebenstein, A. Albu-Schaffer, T. Bahls, M. Chaldd, Eiberger,

fully exploit the system performances. For a more detailed ~W-Friedl, R. Gruber, S. Haddadin, U. Hagn, R. Haslinger, Bppher,
. .o S. Jrg, M. Nickl, A. Nothhelfer, F. Petit, J. Reill, N. Seifz, Wimbdck,
description of similar controllers refer to [18]. S. Wolf, T. Wiisthoff, and G. Hirzinger, “The dir hand arm &ys.”
in accepted for the 2011 IEEE International Conference on Roko
and Automation, Shanghai/Chin2a011.
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