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Abstract— The execution of a grasp process with an anthro-
pomorphic multi-finger robot gripper has to base on an appro-
priate movement planning and an accurate low-level control
strategy. Stability problems may arise, if there is a deviation,
e.g. through position, orientation and/or size perturbation of
the object, between planned and real executable movement
patterns. One opportunity to react to such perturbations is
the use of visual information. But if the there is no visual
system available or even the object is concealed, e.g. through
the robot gripper, the robot arm or another object, then the
use of a visual system is insufficient. For this reason a low-level
finger coordination depending on the actual state of the grasp
(grasp phase) is presented. With this concept it is possible to
coordinate the grasp on the level of the low-level controller and
therefore to improve the grasp performance.

I. INTRODUCTION

To successfully execute a desired task with an anthro-
pomorphic multi-finger robot gripper, beside an appropriate
movement planning an accurate control strategy is implicitly
needed. The aim of the planning is to generate the desired
motions and transform them into a series of desired fin-
ger joint trajectories (joint angles . (; ;) and joint torques
M,.(; jy with fingers ¢ = 1,...,n and joints j = 1,...,m;,
NDoF = Z?:l m; degrees of freedom). Then these trajecto-
ries are used as given reference variables for the controller
(2npop-dimensional vector Wi = (¢, j), My (i j)))-

In the last years many control strategies for different kinds
of robot grippers and tasks have been presented. The most
common ones are compliance- and hybrid force-position
control strategies [2], [3], [4], [5], [6]. With this kind of
strategies it is possible to control the interaction of the robot
gripper with its environment (objects or humans).

A possibility to achieve the movement patterns for a
desired task is to use learned grasp sequences demonstrated
by humans [7]. During the last years many studies in this
research topic have been published [8], [9], [10], [11], [12].
Most of them divide the process of a grasp into a transport
motion (Preshape) and a grasp motion. During the transport
motion the arm moves towards the object and the hand opens
to get prepared for the following grasp motion. During the
grasp motion the desired grasp is executed.
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Problems occur if there is a deviation between the planned
and real executable movement patterns. These deviations
arise e.g. through position, orientation and/or size perturba-
tion of the object. One opportunity to react to such pertur-
bations is the use of visual information. But in some cases
a visual system is not available, e.g. for reasons of economy
or even the object is temporarily concealed, e.g. through the
robot gripper, the robot arm or another object. For this reason
a low-level finger coordination depending on the actual state
of the grasp (grasp phase) is presented. It bases on measured
or estimated contact forces or torques. This concept improves
the coordination of the grasp on the level of the low-level
controller.

Section II presents the detailed realization of the low-level
finger coordination. To show the capability of the concept
simulated grasp studies of an elastic robot gripper with
flexible fluid actuators [13], [14] are presented in Section III.

II. LOW-LEVEL FINGER COORDINATION

Fig. 1 shows the structure of the analyzed system including
low-level finger coordination, trajectory modification, contact
detection, controller and controlled system (robot gripper +
object).
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Fig. 1.
step k)

Time-discrete model structure of the closed-loop system (sampling

For the coordination of a grasp process, it is useful to
detect the points in time when the robot gripper gets in
contact with the object. Therefore any kind of contact sensors
or alternatively a model-based contact detection could be
used. If a model-based detection is used, then according to
Fig. 1 two additional input variables (dotted), the manipu-
lated variables u and the reference variables w are needed
to calculate the contact information C.
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The superior level defines participating fingers for a grasp.
These fingers and the corresponding degrees of freedom
will be renumbered (i = 1,...,n ¢, NpoF Part = Y iy M)
to simplify the following descriptions. All other fingers
remain in their previous phases with their corresponding
reference variables and control structures. The main idea
of the low-level finger coordination is to introduce phases
for the grasp process. The trajectory modification uses these
phases to modify the desired finger joint trajectories w! =
(©ri)> Mr(inj)) (2npor,part-dimensional vector) depend-
ing on the grasp phase phase’ = (phase(; j)) (MDoF,Part-
dimensional vector). Output values are the modified refer-
ence variables w! = (©s(i5), Ms(i.5)) (Fig. 1).

A Petri Net calculates the actual phase (state) of the grasp
(Fig. 2) [15], [16], [17]. Its transitions only depend on the
contact information C* = (C(; ;).

Finger i=1 Finger i=2 Finger i=n,
Pre- phase(1’1__m‘)=1 phafse_(Z_A:.rr_\.)ﬂ phase(nm__m‘):‘l
shape
Ci11.my=1 C2,1.m)=1 Cinyt.my=1
phase =2 phase =2 phase =2
Waiting . (1,1..m) oR2.m) (n,,1..m)
C(1..n.,1,.m.)=1
phase =3
oo () o Oy
+C1,1.my=0 +C21.m)=0 +Cny1.my=0
phase, =4 phase =4 h =4
Waiting Q (1,1.m) Q 135€(3,1.m) Qp ase(n1.m)
C(1..n,,1..m.)=0
Re- phase  1.m)=5
moval\ /Lyt
Fig. 2. Petri Net of the low-level finger coordination

During phase; ;5 = 1 all participating fingers approach
to the object (Preshape). If object contact occurs ahead of
time for one or several fingers, e. g. because of position,
orientation and/or size perturbation of the object, then these
fingers will wait in phase(; ;) = 2, since all participating fin-
gers arise object contact (Cy. ,, s.1.m;) = 1). Subsequently a
coordinated grasp process follows (phase(1. n; 1..m;) = 3)-
This phase also includes possible transport movements of the
object. If it is impossible to reach phase(. n; 1.m;) = 3,
because of e. g. not predicted object movements or dropping
of the object during the grasp, then the low-level finger
coordination gives a feedback (phase(i n;1.m;) = 3 not
reached) to the superior level, where this exceptional case
will be handled. This might lead up to a recurrent planning
of the whole grasp sequence [18]. During the removal, all
fingers that have lost the contact ahead of time will wait in
phase(; jy = 4 for all other participating fingers, followed
by a coordinated disengagement (phase(1 n; 1.m;) = 9)-

Starting from these calculated states of the grasp the
algorithm shown in Tab. I is used to calculate the modified
reference variables ¢, ;)[k] respectively M,; ;[k] with &

as sampling step and k = 1,...
Modification).

At the beginning of the algorithm the points in time
kpc(i,;) when the originally planned contacts should hap-
pen and the points in time kppp(;,;) when the predicted
disengagement starts are calculated (Fig. 3):

s kmar (Fig. 1 Trajectory

and

kppe@,j) = mink  with @, ) [k] < @ri 5k —1]. ()

For this algorithm the originally planned ramp-shaped tra-
jectories wy(; j)[1,...,kmas] fOr all sampling steps have to
be known in advance. Otherwise a simplified algorithm
according to [15] could be used instead.

During phase(; jy = 1 the modified reference variables
for the joint angles correspond with the originally planned
reference variables:

@s(i ) k] = @rgi gk 3)

Because there is no object contact while phase; jy = 1 the
modified reference variables for the joint torques are set to
Zero:

M(;,jy[k] = const. = 0 Nm. 4)

If a finger gets in contact with the object, then the points
in time kgrc(;,j). when the real object contact happens are
calculated:

During phase(; ;) = 2 the modified reference variables
remain on the values at the points krc(; j)- This leads to:

©s(i,j) (k] = @rgi ) kRO G,5)]- (6)

To avoid the loss of contact, the reference variables for the
joint torques are set to:

Mg j)[k] = Mpoiag,j) = const. > 0 Nm. @)

During phase; j) = 3 the reference variables for the joint
angles remain on the values of phase(; ;) = 2 and the
originally planned trajectories for the joint torques from the
points in time kpc(;,;) are executed (Tab. I, phase(; ;) = 3).
Therefore an additional point in time kgp3 is used, which
marks the time when phase(; j) = 3 occurs:

ksps =mink with Vphase( j[k] = 3. (8)

During phase(; ;) = 4 the trajectories for the joint torques
are set to:

MS(ZJ)[IC} = Mrelease(i,j) = const. < 0 Nm. (9)

This step supports the coordinated disengagement.

During phase(; jy = 5 the points in time kgg(;, 5, when
the reference variables for the joint angles are equal to the
reference variables of the joint angles at the calculated points

krci,j (5)

kpquy) =k with . 5[kl = @rigkroa,]  (10)
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TABLE I
MODIFICATION OF THE REFERENCE VARIABLES J\/]r(i,j) > Pr(i,j) IN DEPENDENCY OF THE GRASP PHASES (1-5).

Grasp phase

Modification of the reference variables

phase; jlkl =1 || 0kl = @) [K]

M; 5y [k] = const. = 0

phaS@(i,j)[k‘] =2 Ps(i,j) (k] = ‘P'r(i,j)[kRC(i,j)]

]\/15(7”])[]6] = Mhold(i,j) = const. > 0

phase(; ;y[k] =3 ©s(i,) [kl = rii ) kR, )]

My 5 [k] =
(4,7) Mr(i7j>|ikma«1‘('i’7j)]

M, pylkpc(ig) +k —kspsl for kpcog iy < krogy V (kpogig) +k —ksps) < kmax(i )

else

phase; jylkl =4 || w5 k]l = ori ) [EroG,5)]

Ms(h/)[k‘] = A{?‘elease(i,j) = const. <0

ori ) kBQU,5) Tk —ksps] for kpguj) < kppe@.,) vV (kEQi,j) +k — ksps) < kmax(i,j)

phase; [k] =5 ©s(i ) k] =
(6.4) s(5:3) Wr(i,j)[kmaz(i,j)] else
Ms(z,])[k] = Al’r‘elease(i,j) = const. <0
are Calculated and the Originally planned reference Variables a. Reference variables and modified reference variables for the joint angles
80 T T T T T T
for the joint angles from the calculated points kpg(; ;) are b N |
executed. Therefore an additional point in time kg ps5 is used, S S S Ao
. R 40 k(1,2 - ko(1, ]
which marks the time when phase; j) = 5 occurs: 5 Pecll® ey g2 e
20/ kel = - - - - - A k() N
. . Ko (11 A —
ksps =mink with Vphase(; j[k] = 5. (11) o ‘ ‘ , foe(™D ‘ ‘
’ 0 05 1 15 2 25 3 35
The reference Variables fOI' the joint torques remain at b. Reference variables and modified reference variables for the joint torques
M j)[k] = Myeiease(i,j) = const. < 0 Nm. (12)

To clarify the presented algorithm, Fig. 3 shows the visu-
alization of the calculated points in time krc(i ), kpc(i,j)
kEq(i,j)» kKPDE(,5), the modified and the originally planned
reference variables for the joint angles ¢ (; ;) (solid), ¥,(; 5)
(dash-dotted) (a.) and for the joint torques My; ;) (solid),
M, (; jy (dash-dotted) (b.) as well as the contact situation
Cli,j) over the time (c.).

III. APPLICATION

To show the capability of the latter concept (Section II),
this section presents simulated grasp studies of an elastic
robot gripper with flexible fluid actuators [13], [14]. There-
fore the mathematical model of the elastic robot gripper,
including the hydraulic system (pump and valves), the me-
chanical system and the object as well as the developed
hybrid force-position control algorithm will be introduced.
Fig. 4 shows the structure of the analyzed system including
controller, controlled system (robot gripper + object), model-
based contact detection as well as the already presented low-
level finger coordination and trajectory modification. Accord-
ing to the notations in Fig. 4 this leads to the control variables
y' = (¢(,5)» M(i,j)) with actual joint angles ¢(; ;) and joint
torques M(; ;), the manipulated variables ul = (up, Uy (i j))
(npor+1-dimensional vector) with pulse width and direction
of the pump up and valve positions uy(; ;) (binary on-off

0 05 1 1.5 2 25 3 35
c. Contact with object
yes|- ‘ kspﬂ-" : : 7
no
nk,
yes- SP5 T
o |—|
yes- B
no J
Il Il Il Il Il Il
0 05 1 1.5 2 25 3 35
time [s]
Fig. 3. Example to clarify the effects of the low-level finger coordination

or pulse width modulation), the modified reference variables
wl = (®s(i,5), Ms(i,5)) with modified joint angles o (; j)
and joint torques M,(; ;y and the hydraulic state variables
XT = (VVB7 VA(i,j))-

In contrast to conventional robot grippers [19], [20], [21],
which are usually powered by electric motors, the elastic
5-finger robot gripper (np.r degrees of freedom (DOF),
m; joints of the finger number ¢) of the Research Center
Karlsruhe [13], [22] is driven by flexible fluidic actuators.
The functional principle bases upon the expansion and
contraction of a flexible chamber under pressure, causing
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Fig. 4. Model structure of the closed-loop system

the joint torques. A hydraulic system with a pump and
npor valves controls the pressure in the actuators. The
coupled hydraulic and mechanical gripper model [4], [13]
is described by a nonlinear differential equation system

¢ =f(p, ¢, pa,x:) (13)

Vvp =Ve(up,pvp) ZZVA(W) (14)
i=1 j=1

Vaig) =fvPag) — Pve uvi)) (15)

paGg) =fo(Vau,)sPag), pve = fpves(Vwp) (16)

with the joint angles ¢(; ;) and its time derivations ¢; ;)
(npor-dimensional vectors: ¢, @), the fluid volumes in the
actuators Vi, ) and at the pump VVB as plant states.
The pressures in the actuators py (; ;) (npor-dimensional
vector: p 4) and at the pump output pV p are computed from
these states. The joint torques M, (x.,¢) depend on joint
angles, unknown positions and characteristics of (external)
contacted objects. They are not directly measurable and will
be estimated model-based from the known joint angles and
actuator pressures: M. (¢, pa).

A cylinder-shaped deformable object is defined through
its position in the world coordinate system (WKS, Fig. 5),
its radius, its mass and its spring constant kr (unknown
parameters x, for the controller) and affects radial forces
to the gripper. The simplified friction model includes static
and dynamic friction [4].

The controller computes the valve positions uy-(; ;) (binary
on-off or pulse width modulation) and the pulse width and
direction for the pump up:

u(t) = (UP<k7 : ta) UV(l,l)(k? : ta) Uv(n,mi)(k . ta))

(I7)
fork-t, <t<(k+1)-t,

It is only updated at ¢ = k - ¢, with the sampling time
t,. The pulse width and the direction of the pump are
found by a nonlinear PI controller with an optional fuzzy
adaptation. These manipulated variables are a compromise
for an on-line chosen group of joints. Each joint controller
switches between position and torque control depending on
contact detection [23] and path planning. It controls the cor-
responding valve and contributes to the pump controller [4].
Advanced cartesian control concepts are not implemented

because the pump causes substantial constraints between the
joint controllers.

Because no contact sensors are integrated into the mod-
elled 5-finger robot gripper, in this paper the model-based
contact detection presented in [23] is used. Input variables
of the model-based contact detection are according to [23]
the control variables y, the manipulated variables u and
the reference variables w. Output variables are the calcu-
lated contact information C and the estimated joint torques
M. (x.,¢).

With this system six grasp sequences with different po-
sition and/or size perturbations of the object have been
executed. For clarity aspects, here only 2-dimensional sce-
narios with ny = 2 participating fingers are chosen, but the
presented concept is able to handle 3-dimensional scenarios
with all five fingers as well. During Scenario 1 the object
is situated at the originally planned position with no size
perturbations (Fig. 5a). During the Scenario 2 no object
contact happens, because the object is situated outside of the
workspace of the robot gripper (Fig. 5b). The Scenarios 3
and 4 are used to demonstrate the performance of the low-
level finger coordination, when the object is bigger or smaller
than planed in advance (Fig. 5c, d.). Finally, during the
Scenarios 5 and 6 position and size perturbations of the
object occur (Fig. Se, f). Tab. II shows the object parameters
(radius of the object and position of the object according
to the world coordinate system WKS) for the six analyzed
grasp scenarios.

TABLE I
COMPARISON OF THE OBJECT PARAMETERS FOR THE ANALYZED GRASP
SCENARIOS (*: AS IN PLANNED SCENARIO)

Object- Object Radius Object Position
parameters r [cm] P,y x5 /Pywics) lem]
Scenario 1 1.5* (0/4.75)*
Scenario 2 1.5* (-0.75/9)
Scenario 3 2.25 (0/4.75)*
Scenario 4 1.125 (0/4.75)*
Scenario 5 1.275 (-0.25/4.75)
Scenario 6 2.25 (0.25/4.75)

According to Tab. II, Fig. 5 shows the visualization of the
analyzed grasp sequences (1-6) in starting position.

Tab. III and Tab. IV show the comparison of the ana-
lyzed grasp scenarios with and without activated low-level
finger coordination (LC). The used evaluation criterions are
the achieved phases during the grasp process, thereby the
minimal aim of the grasp is to reach the grasp phases 1, 3 and
5 otherwise the grasp process is incomplete, the undesired
movement of the object during the grasp process Ax/Ay,
the control deviation (). and the positioning effort of the
controller n,,/n,, . To calculate the control deviation, first
the deviations of the joint angles Ay j)[k] and the joint
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Fig. 5.

Forefinger

b. Scenario 2

Object

Visualization of the analyzed grasp scenarios 1-6

torques AM(; ;y[k] are computed:

o (ps(z,])[k] -
Api,; (k] =
(9 %(i,j)[’f] -
and
(Ms 1,7 k| —
AM 5 [k] = M (‘j‘) [k] B
( 7‘(1,])[ ]

Thumb, Forefinger
1,
WKS X
d. Scenario 4
Object
Thumb, @ Forefinger
1,
WKS X
f. Scenario 6
Object
Thumb, Forefinger
1.
WKS X
©(i,j) (k] if LC: active (18)
e,k else

M j[k]) - Kg if LC: active
Mg jlk]) - Kr  else.

19)

Thereby KR is a weighting factor to adapt the dimensions of
the deviations of the joint torques to the dimensions of the
deviations of the joint angles and LC is as short cut for low-
level finger coordination. Then the squared deviations are

summed over all fingers ¢ = 1,...,n, joints j = 1,...,m;
and sampling times k = 1,..., kpqs°
RN 530S Ak + AME )[R 20)
i=1 j=1 k=1

Finally the positioning effort of the controller is given by:

i Rmax

=303 3 i

=1 j=1 k=1
kEmaz—1

|(sign(u(p) [k + 1]) — sign(up)[k]))]

2L

Nyp = (22)
k=1
with n,y as sum of all binary valve positions and n,p as

sum of all changes of the direction of the pump.

TABLE III
COMPARISON OF ANALYZED GRASP SCENARIOS WITH ACTIVATED
LOW-LEVEL FINGER COORDINATION (LC) (GRAY: QUALITATIVE
IMPROVEMENTS IN COMPARISON TO TAB. IV)

Phases Pos. Effort Movement Dev.
Scenario Nup Ny, Ax { Ay Qe
1 [135] 13 32 0 0.7 7.49
2 [1] 13 40 0 0 1.76
3 [135] 12 28 0 0.48 10.80
4 [135] 10 40 0 0.63 9.04
5 [1235] 13 40 0.06 0.74 9.10
6 [1235] 6 26 0.03 0.6 11.18
TABLE IV

COMPARISON OF ANALYZED GRASP SCENARIOS WITHOUT ACTIVATED
THE LOW-LEVEL FINGER COORDINATION

Phases Pos. Effort Movement Dev

Scenario Nup | Nuy Ax Ay Qe
1 [135] 11 40 0 0.71 8.61

2 [1] 13 40 0 0 10.31

3 [135] 12 40 0 0.80 | 11.89

4 [135] 12 48 0 0.58 9.78

5 [1 3] 16 48 0.06 | 0.67 | 11.13

6 [1 3] 08 28 0.04 | 0.87 | 11.40

The Scenarios 1 and 2 are similar with and without LC.
Only the positioning effort and the control deviation for the
Scenario 1 with activated low-level coordination are less than
for the same scenario without coordination of the fingers.

During the Scenarios 3 and 4, with size perturbations of
the object, both fingers achieve the object contact at the same
time, but depending on the object being smaller or bigger
than planned, for Scenario 3 the contact occurs earlier and
for Scenario 4 later than expected. Because the low-level
coordination is able to handle these deviations, and modifies
the reference variables accordingly, this leads to a smaller
control deviation and a smaller positioning effort as well as
a less movement of the object.

During the Scenarios 5 and 6, a position and size pertur-
bation of the object is present. This leads to an earlier object
contact for the finger which is located nearer to the object.
This finger has to wait for the other finger. Without the finger
coordination the first finger with object contact (Scenario 5
thumb, Scenario 6 forefinger) executes the planned task and
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tries to grasp the object. Because the second finger has not
reached the object yet (Scenario 5 forefinger, Scenario 6
thumb), the grasp process is incomplete (Tab. IV, [1 3]).
In contrast, with activated finger coordination, a coordinated
grasp is possible (Tab. III, [1 2 3 5]). Again this leads to a
smaller control deviation and a smaller positioning effort as
well as a reduced movement of the object.

As result, the low-level finger coordination successfully
performs the grasps in the Scenarios 1, 3-6 (at least
grasp phases 1, 3 and 5). Without the activated low-level
coordination only the Scenarios 1, 3 and 4 reach the minimal
aim of the grasp. In Scenario 2, both strategies must fail
because the object is placed outside the workspace of the
robot gripper. The low-level finger coordination helps to
detect this situation by communicating the phases to the
superior level.

Further on the usage of the low-level finger coordination
improves the grasp performance, measured through the crite-
rions control deviation and positioning effort of the controller
and movement of the object during the grasp, for all analyzed
scenarios.

IV. CONCLUSIONS AND FUTURE WORKS
A. Conclusions

This paper proposes an easy-implementable concept to
coordinate the grasp of a compliant anthropomorphic robot
gripper on the level of the low-level controller. To show
the capability of the presented concept the algorithm has
been applied for a robot gripper with fluidic actuators.
Therefore the mathematical descriptions of the hydraulic
and mechanic system of the gripper, the object as well
as the implemented hybrid torque-position control scheme
have been introduced. With this simulation system six grasp
sequences with different position and/or size perturbations of
the object have been executed and the achieved results have
been discussed.

B. Future Works

In further research, the capability of the concept will be
analyzed using the real anthropomorphic robot gripper of the
SFB 588 “Learning and Cooperating Multimodal Robots”
instead of the simulation system.
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