








a) Optimization: To ensure that the optimal joint stiff-

ness values are achievable in our system, we compute the set

of feasible joint stiffness matrices Kq,i and save them in a

Look-up Table [7]. The proposed approach will find the joint

stiffness matrices that produce the closest stiffness behavior

in the reference direction ~xref .

b) Dealing with joint stiffness coupling between fingers:

In CLASH we are able to regulate the stiffness of the thumb

separately from the stiffness of the index fingers. However,

as shown in Eq. 7 the Ki stiffness for both index fingers

depends on the same joint stiffness matrix.

For dealing with the collective behavior, calculated in

Section II-B.1, in the case of coupled fingers, we compute an

average distance value δindex and consequently an average

finger stiffness role for the coupled fingers, as follows:

δindex =
2δiδj
δi+δj

, such that δi, δj represent the finger stiffness

role of corresponding left- and right index finger.

IV. EXPERIMENTAL EVALUATION

To test the proposed approach, we use as testbed a door

frame (marked in red in Fig. 1) with different holding forces

(the unknown required force). The evaluation is similar to

the task of opening a fridge door when the opening force

is unknown. The task is described by giving a direction

axis along which a force needs to be applied in order to

successfully open the door.

For the evaluation of the approach, we choose a specific

grasp of the handle, illustrated in Fig. 6. Note that the

thumb and the index fingers are located at opposite side

of the highlighted handle, which provides them with clearly

different roles during the execution of the pulling task. The

finger inside the handle will be the main driver of the task

execution.

A. The experiment

Our algorithm provides the passive stiffness setting that

will increase the force application capability along the de-

sired direction, until the task can be successfully executed.

The success of the task is a boolean value, qualified by a

human observer.

Our approach will be compared with the stiffness decision

tree used in [11], which assigns a finger stiffness value

among three different discrete levels, according to the task.

Our case is dealing with a non-fragile object, with high cer-

tainty of the object’s location in a non-cluttered environment,

therefore a medium stiffness setting is assigned to all fingers

(0.5 stiffness setting). We add adaptability to this approach

by defining fixed step-wise increments of the stiffness setting.

For the experiment, the robot repeatedly tries to pull open

the test-bed door while it is held by 4 different forces.

For each trial we apply once the step-wise stiffness setting

adaptation (baseline method) followed by the same trial

(force setting) with our task-compatible stiffness adaptation

method. The stiffness adaptation will continue until either

the task is successfully executed or the hardware’s highest

stiffness setting is reached. Finally, we compare the resulting

TABLE I

TASK-ORIENTED VS CONSTANT STIFFNESS ADAPTATION.

Task-oriented stiffness adaptation

Trial Door F Success σref,stOpt [-] σref,i [-]

1 9.3N True 1.353 6.991 2.082
2 11N True 1.498 10.36 2.174
3 13.4N True 1.73 16.67 2.397
4 15.6N False 1.978 25.15 2.667

Step-wise stiffness adaptation

Trial Door F Success σref,Const [-] σref,i [-]

1 9.3N True 1.662 18.71 2.265
2 11N True 1.662 18.71 2.265
3 13.4N True 1.763 20.23 2.397
4 15.6N False 2.005 25.15 2.706

stiffness settings commanded by each method to success-

fully open the test-bed door. We exploit the fact that our

manipulation object can not fall-out of the hand during the

manipulation and set initially the parameter K%
grasp = 0% to

isolate the resulting collaboration between the fingers, given

the task information.

B. Experimental results and discussion

A summary of the experimental trials can be seen in

Table I3. The upper half of Table I presents the stiffness

behavior required to successfully execute the task, using our

task-oriented stiffness optimization. The lower half provides

the results of the step-wise increment of the stiffness setting.

Some characteristics in the optimization result are impor-

tant goals in the test: an optimal trade-off between force

application and adaptability, the compatibility with the task,

collaborative behavior between the fingers, and the adapta-

tion in cases that require application of higher forces.

The optimized force-adaptability trade-off can be observed

clearly in Table I by comparing the stiffness capabilities

used by each method to successfully open the door. The

task-oriented adaptation manages to execute the task with

lower stiffness than the baseline method, which reflects the

exceeding stiffness (or lost adaptability) resulting from a

step-wise adaptation of the stiffness setting instead of the

stiffness capability. It is important to highlight that a reduced

adaptability (by oversetting the stiffness values) makes the

system more vulnerable to disturbances or hardware damage.

To identify the task-compatibility of our results, we use a

scenario where the task is executed along the same axis, but

in opposite directions (e.g. pushing and pulling the handle).

In this scenario we are able to observe in Fig. 6 (right

side), through the endpoint stiffness ellipsoids, the opposite

changes in the force application capabilities of the fingers.

Using the middle stiffness setting as a base of comparison

in blue, the red ellipsoids are larger or smaller according

to the direction of the reference task vector, which shows

task-compatible results. In the plots shown in Figs. 7-8 can

be observed that in most of the trials the stiffness capability

lies below the middle stiffness setting (yellow dotted line)

3Adaptation parameters in base-line method: Start stiffness settings= 0.5

with step-wise increase of 0.05. For the task-compatible optimization initial

desired behavior K
%
task

|t0 = 0% and ∆adapt = 6%. In proximity to the
upper stiffness boundary, the step-wise increase is: 0.01 and ∆adapt = 1%.
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