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Adaptive Tactile Force Control in a Parallel Gripper
With Low Positioning Resolution

Nicola A. Piga

Abstract—In this letter we develop an adaptive tactile force
controller for a parallel gripper with low positioning resolution.
We show both mathematically and experimentally that a standard
integral controller is not suited to control the force in a closed-loop
fashion as it induces oscillations in the system. Therefore, we
devise an adaptive controller that exploits the tactile readings to
model the relationship between the gripper position and the tactile
force readings and uses it to avoid the oscillations. We provide
a mathematical characterization of the proposed controller and
extensive experimental results with objects from the YCB model
set. The results show that the proposed controller outperforms the
integral controller and reduces the oscillations in a substantial way.
Moreover, the position/force relationships are estimated with good
precision. We also test the proposed controller as part of a cascaded
architecture for the control of the sliding velocity of an object. The
experiment shows the effectiveness of the controller for tasks where
it is required to track a reference force profile from a high-level
controller.

Index Terms—Adaptive control, force control, force and tactile
sensing, object properties estimation.

I. INTRODUCTION

ARALLEL grippers are ubiquitous tools in robotics where
P they are used to enable robot manipulators to grasp ob-
jects [1], [2], [3] and perform in-hand object manipulation
tasks [4], [5], [6] such as controlling the sliding motion of an
object [7].

The characteristics of a gripper, excluding fingers length and
maximum force ratings, are usually considered non-critical for
the successful execution of grasping actions. Indeed, as long as
the gripper can close its fingers around the object and hold the
configuration steadily, the grasping action will succeed - under
the assumption that the grasp pose and the grasp strength have
been planned accurately so as not to violate friction constraints
at the contact points.

However, when a gripper is equipped with tactile sensors for
force sensing and control, other characteristics of the gripper
become crucial. One of such specifications is the positioning
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resolution, depending on the smallest variation in the fingers
position that the gripper system allows the user to command.
The higher the resolution is, the better the ability of the inner
control system of the gripper to track the position inputs provided
by the user. In turn, the quality of the position tracking affects
the effectiveness of any force regulation control system that the
user implements on top of the position controller.

In this letter we investigate the behavior of tactile force control
feedback strategies in a parallel jaw gripper when the positioning
resolution cannot be neglected. Our contributions are as follows:

® a positioning resolution-aware modelling of the grip-
per/object system and a mathematical characterization of
the shortcomings of closing the force control loop using a
plain integral controller;

e an adaptive control strategy, and its mathematical char-
acterization, which, based on an online prediction of the
tactile measurements, mitigates the above shortcomings;

® an extensive experimental evaluation of the tactile force
tracking and prediction errors of the proposed architecture
for 18 objects, including objects from the standard YCB
model set [8];

® the integration of the controller within a cascaded control
system for a higher-level task, namely the control of the
sliding velocity of an object.

II. RELATED WORK

To the best of our knowledge, the problem that we consider
has not been extensively explored in the past literature, with few
exceptions.

In [9], the authors consider a voltage-controlled gripper in
contact with an object, where the contact force cannot be mod-
ulated if the input voltage is too small. This dead zone-like
behavior makes the contact force jump above and below the
desired reference when the control loop is closed with the
measured force.

In the technical report [10], the authors identify another source
of oscillations within a tactile force control architecture in the
slow response exhibited by certain types of tactile sensors. When
a large force is applied and then removed, the sensor may still
detect its presence for a very short time, leading to oscillations.

A gripper-like system, made of two gripping pads mounted on
the arms of a humanoid robot, is considered in [11]. The gripping
force regulation is subject to unwanted oscillations in presence
of small errors between the desired and measured tactile force.
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In the above works, the commonly adopted solution to miti-
gate oscillations is to compare the desired tactile force with the
measured one and revoke the control action when they are close
enough, e.g. in [9] is proposed to wait until the 98% of the desired
value is reached. Nonetheless, in [9] they tested the proposed
approach only qualitatively and with two kind of compliant sur-
faces, in [10] no experimental results are provided while [11] do
not focus extensively on the problem of oscillations. Moreover,
in [9] it is not clear how to adapt the solution taking into account
the width of the dead zone.

In this work, we propose a more structured approach to the
problem of oscillations due to the low positioning resolution of
a parallel gripper. Specifically, we design an adaptive controller
which decides when to disable the control action by comparing
the desired tactile force with a future prediction that is estimated
online without prior knowledge of the object. Our approach can
be easily adapted to grippers with different characteristics once
the positioning resolution is known. Furthermore, we provide
qualitative and quantitative results of experiments on several
objects with diverse mechanical properties.

III. INTEGRAL AND ADAPTIVE FORCE CONTROL

In this section we provide a mathematical characterization of
the gripper/object system, and demonstrate that a conventional
integral controller generates oscillations. Next, we propose an
adaptive controller which avoids the oscillations. To simplify the
analysis, we assume a linear, known, relationship between the
position of the gripper and the tactile reading when the fingers
are in contact with the object. In the next Section, we show that
these assumptions can be removed using an online estimation
procedure.

A. System Description

We assume that the system of interest consists of a 1-DOF
parallel gripper, whose fingers are in contact with an object
O. The fingers of the gripper are equipped with tactile sensors
providing a reading proportional to the force normal to the
surface of the sensor.

Letpy, € R be the gripper aperture at time k, f, € Rand f} €
R the tactile readings of the left and right fingers, respectively,
expressed in raw sensor units. In the following, we consider the
mean tactile force f, = (f} + f7)/2 exerted by the gripper.

The inner control system of the gripper exposes a control
input ug which changes the gripper aperture py. Ideally, we
would describe the input-output relationship of a parallel gripper
as plain linear, i.e. py ~ uy. In this work, we instead consider
the case where the input is discretized due to the positioning
resolution:

m:ﬁH%=M% (1)
where N, € N and J,, is the minimum displacement that can
be commanded, i.e. the positioning resolution. We remark that
the gripper aperture pj varies in a continuous fashion while
transitioning from one set-point to the next. In this respect, the
purpose of (1) is to clarify that the system input uy, is subjected
to discretization.
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Given the above, the aim of this work is to design a control
strategy uy such that the tactile force fj can track a desired
profile f,f, while considering the constraint in (1).

B. Integral Control and Its Shortcomings

One possibility is to design a control law such that the velocity
of the gripper is proportional to the error ey

er = fil = fr @)

between the measured tactile force fj, and the desired one f,f.
As several grippers only provide a position control mode, we
integrate such velocity resulting in the following integral law

Up1 = U + kierdy 3)

for the position of the gripper, where A, is the sampling time of
the controller and k; > 0.

In the following we assume a linear relationship between the
measured tactile reading f and the gripper position p when the
fingers are in contact with the object:

f(p) = co+cip. “)
Given (1)—(4), the error dynamics can be written as:
ert1 = —c1 Ni(ug, ex)dp + (fijﬂ —co),
kierA
Ni(ur, ex) = Vk—i_ae}ﬂtJ €N, (%)
P

where we assume c¢g > 0 and ¢; > 0.
The equilibrium points of the error dynamics can be studied
by setting e;+1 = e = €4 and considering a steady reference
gq. We indicate with Ny, the value of Ny, at the time ke, when
we assume the system is at equilibrium. The equilibrium points
are as follows:

€eq = —C1Nk,,0p + (f4 — co) . (©6)

Setting the error equal to 0 and recalling that N}, € N, it can be
seen that the error vanishes if and only if

d

eq Co

o, e N. @)

This condition depends on the desired target edq, the parameters

co, ¢1 and 0, that are out of the user control. Otherwise, the
equilibrium error is different from zero. In the latter case, it can
be shown that the equilibrium has an oscillatory behavior.

d _

To show that, we first notice that ©* = feqcilco is the value of
the control input that would make the error zero, in the ideal case
pr = ug. Taking into account the constraint in (1), the position

ut
Sy
without loss of generality, that the gripper already moved at least
by that amount, the corresponding equilibrium error is

of the gripper that best approximates u* is L J 0p. Assuming,

u
oy = —1 L gJ 5+ (f% — o). ®)
P

el (598
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The actual value of e, for any possible choice of uy,, in (9),
is:

d
— ¢
+ eq d
e =—c \‘%J op + (feq — ). (10)
Using the fact that |z] <z Vz € R and |z +n] = |z] +
nVx € R,Vn € N, it is possible to prove that e > 0.

Given that the error is positive, the control input in (3) will
increase and eventually reach the set

(5] ) (5] +2)%),

for which the resulting error is:

d
_ eq — €O
e =-— {;%J dp + ( gq — o — ¢10p) . (12)

a1

Using the properties that |z | = [z] — 1 and [z] > 2 Vz € R,
it can be shown thate™ < 0. As a consequence, the control input
will decrease and eventually go back inside the interval in (9),
for which the error is again positive.

In summary, the error oscillates between the two values e™
and e~ . This represents a non-ideal behavior for both the gripper
and the object that is manipulated.

C. Adaptive Controller

In this section, we describe the proposed control strategy that
aims at removing the oscillatory behavior.

The main idea is to evaluate a one step ahead prediction of
the error, in the following e}, |, that the system would achieve
if the gripper had moved from the current configuration, before
actually sending the command. If such prediction is lower than
the current error, the control action is executed, as per (3),
otherwise it is revoked. The control law is as follows:

Up1 = U + Dy,

A, = kiexAs e | < lex] (13)
0 otherwise.
We define the prediction of the error as
et = fipr — Il (14)

i.e., the difference between the desired tactile force f{, | and a
prediction of the force at step £ + 1, f{} ;. The latter is evaluated
using the model in (4), assuming that the gripper had moved by
an amount d(eg):

Jilir = f (pr +0(ex)) - (15)
At first glance, a suitable choice for §(ey, ) seems to be the control
action itself, k;ei/\;. However, this choice is not sound for
at least two reasons: i) the error prediction would depend on
the gain k;, which is undesirable ii) the error prediction would
assume that the gripper command can assume any value, which is
not true due to the constraint in (1). Instead, we propose to shape
0(ey) such that it accounts for the number of steps required to
reduce the force error given the resolution d,, and the coefficient
c1 which converts a change in position to a change in force.
Taking into account the sign of the error, we get:

5(ex) = sgn(ex) ['e’ﬂ 5.

v (16)
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The use of the ceiling operator makes sure that the prediction
always considers at least one step of the gripper, also in the
case |eg|/c1 < 0, when the error is already small compared to
the positioning resolution. This is fundamental to understand the
behavior of the error around the current position pj, and take the
correct decision in (13).

Substituting (1) and (4), €}, ; evaluates to

d
6211 = fk+1 - f}?-LH

= f;ci+1 — (co+ c1pr + c10(ex))

= —cysgn(eg) Pekr‘ dp — 1 LWJ dp + (flitl - CO)

C1(5p 5])
=— (Sgn(ek) [Cfgw + BkD 10y + (fils — co) -
p p
(17)

We now analyze the behavior of the system at equilibrium. We
remark that the definition of the equilibrium error in (8) is still
valid as it does not depend on the specific definition of the control
law, rather on the value Uk, We also notice that

let| + |e”| = ¢16,, (18)
a fact that will be useful in the following discussion.

We assume, without loss of generality, that the error config-
uration at equilibrium is e., = e¢™ > 0. Two cases need to be
discussed.

Case I [e*| < |e|. By substituting ., = €™, fi' | = fd in
(17), and recalling that wy,, satisfies (9), the prediction of the

error is as follows:
et

Chogtl = et - [] C10p.

v (19)

Using the assumption that |e*| < |e”| and combining it with
(18), it can be found that

et =let| < %. (20)
Substituting the above in (19) shows that
e 1= et — 16y, (1)
hence
el > 22 )

As a consequence |€Zlq+1| > |e"| and, according to (13), A,
=0 and Ukgyt+1 = Uk, - That is, the oscillation is avoided.
Considering that |e*| < |e™|, this also represents the smallest
error the system could reach given the constraint in (1).

Case 2 |e*| > |e™|. Using (18), the prediction of the error in
(19) can be rearranged as follows:

et
€41 =€ + (1 - Lﬁp-‘) c10p.

Using the assumption that [e™| > |e~| together with (18) it can
be found that

(23)

5
o] < 5 4
and
5
clTp < let| < e16,. (25)
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Fig. 1.
used to perform the experiments before the actual contact takes place.

Eq. (25) implies that

et

— | =1, (26)
’701 op -‘
hence e}’ ., =e”. As a consequence, [e}! .| < le™| and, as
per (13), A, = kiet Ay > 0and ug,, 11 > up,, -

As long as w44, © >0, remains within the set in (9),
the value of €;” _; , is equal to e} . hence |e}€'zq+i+1\ <
|ek.,+i| = |eT| and the controller in (13) behaves as in (3). As
already explained in Section III-B, in this condition the control
input increases until the error eventually transitions from e*
to e”. Using a similar reasoning as in the Case 1, but taking
into account that [e~| < |e*| and that Uk, +i Now satisfies (11)
instead of (9), it can be shown that [e}” .| > [e”|. That is no
more oscillations will occur and the error will be the smallest
possible for the system given the constraint in (1).

IV. TACTILE MEASUREMENT PREDICTION
A. Actual Implementation of the Measurement Prediction

The developments from the previous section assume that the
parameters cg and ¢; in (4) are available and exact. In case the
parameters are estimated, the latter assumption might not hold
resulting in an incorrect prediction f;\ ;. In this respect, we
propose to substitute the term ¢o + ¢1px = f(pg) with the actual
feedback from the sensor fj resulting in

i, = fru +ci(er)-

As a consequence, the prediction does not depend on ¢y anymore
and it benefits from the knowledge of the actual reading from
the sensor at time k.

Furthermore, the relationship f(p) in (4) assumes linearity
with respect to the gripper position p. A more general solution,
that corresponds to (27) in the linear case, is

0
Jia = Jit % p=pk5(

27)

ex), (28)

where f can be nonlinear and a first-order approximation of
the function f is used (under the assumption that d(ey) is
small enough to make the higher-order terms of the function
negligible).

The objects used for the tactile force tracking and prediction experiments. The relative configuration between the gripper fingers and the object is the one

B. Polynomial Estimation of the position/force Relationship

In order to evaluate the prediction f}'} ; it is required to know
the position/force relationship f(p) in (4). In general, such a
function depends both on the nature of the material of the gripper
fingers and that of the object to be manipulated.

In this work we propose to estimate the function f online while
the controller in (13) is running but asynchronously. Specifically,
we monitor the value of the gripper position p; and every time
it assumes a value that is different from the previous one, we
collect a sample

z = (pk, fx) (29)

and add it to the set of measurements Z. For each new sample z in
the set, we estimate f using least-squares under the assumption
that it has a polynomial form:

N
flp)=> e’ (30)
i=0
The result of the estimation process are the coefficients ¢;. In
order to guarantee that the estimation can run online, we limit
the number of samples | Z| to a given maximum and discard old
samples.
Given the structure of the estimate, the first-order approxima-
tion in (28) can be easily evaluated in closed form as

N

fity = fo+ | D dcii ") o(en). 31)
i=1

In order to make the estimate independent of the actual size of

the object, it is also possible to substitute p; with the relative

displacement with respect to the position p. at which the first

contact with the object occurred:

Dk = Pk — Pe = 0. (32)

V. EXPERIMENTAL RESULTS

In this section we present the results of several experiments
aimed at assessing the effectiveness of the proposed controller.

We first discuss, qualitatively and quantitatively, the tracking
performance of the controller when fed with a reference signal
f ,f. We repeat the experiment with several objects from the YCB
Model Set [8] and other household objects. We show all the
objects used in the experiments in Fig. 1. We compare with a
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— feedback desired
Tactile signal
400 ——  fr(baseline)
— d
Z i
Z 200
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uy;
=70
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Fig.2. Outcome of one of the tactile force tracking experiments when using the
baseline controller for the object “Stacking block™. Top: tactile signal. Bottom:
position of the gripper (8.5 cm is the maximum width of the gripper).

baseline consisting in the same controller without the adaptation
mechanism, i.e. the controller described in Section I1I-B.

Next, we assess the performance of the tactile measurement
prediction process, described in Section IV, in order to analyze
its role independently of the control part. We also provide
qualitative results showing the shape of the estimated function
f for several objects.

To conclude, we test the proposed controller on a high-level
control task, consisting in the regulation of the velocity of an
object while it slides between the fingers of the gripper. We
compare also in this case with the baseline and discuss the
advantages of the proposed solution.

A. Description of the Setup

All the experiments are carried out on a Franka Emika
Panda robot equipped with a Robotiq 2F-85 parallel gripper.
We emphasize that the positioning resolution of the gripper,
0p = 0.37mm, is of several order of magnitude higher than
that of other, more precise, grippers. As such, it represents a
suitable candidate for our experiments, as the constraint in (1)
is particularly relevant for this gripper.

The gripper fingers are covered with magnetic-based uSkin
3D tactile sensors [12]. Each finger contains an array of 24
sensors organized in 4 rows and is covered by a soft silicone
membrane. The scalar left and right tactile signals f,lc and f/
are obtained by evaluating the average of all sensors along the
z direction, i.e. the one perpendicular to the finger plane. We
remark that the sensors are not calibrated and all the reported
numbers are expressed using raw sensor units.

Asregards the tuning of the controller in (3), we chose the gain
k; separately for each object, as for each sensor/object interface
the closed loop system exhibits different stability properties.
This fact can also be seen using the theory of LTI systems in the
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— feedback desired
Tactile signal
400 — /i (adaptive)
z —
= 200
0 ’
0 5 10 15 20 25
t(s)
Gripper position
79 —— pi (adaptive)
—
270
6.8
0 5 10 15 20 25
t(s)
Fig. 3. Outcome of one of the tactile force tracking experiments when using

the adaptive controller for the object “Stacking block™. Top: tactile signal with
predictions (gray dots). Bottom: position of the gripper.

ideal case in which py, = wuy, and the relationship f(p) is linear.
Specifically, we increased the gain as much as possible, in order
to maximize the bandwidth, while avoiding instability. In order
to have a fair comparison, we directly transferred the same gains
to the adaptive controller in (13), so as to study the effect of the
adaptation mechanism independently.

Considering the tactile measurement prediction, we set N = 2
in (30) and |Z| = 100, as the results showed that these were
appropriate choices for all the objects.

The software that implements both controllers is made avail-
able with an open-source license.'

B. Results on Tactile Force Tracking

The aim of this experiment is to assess the ability of the
controller to track a given force reference f{!. We modulate
the reference signal in order to explore different force targets,
namely 200 and 400 in sensor units. For each target, we keep
the reference constant for several seconds in order to assess the
presence of oscillations. We repeat the experiment ten times
using 18 objects, reported in Table 1.

In Fig. 2, we report the outcome of a single trial when using
the baseline controller. When the reference is kept constant, the
gripper position and the tactile signal oscillate as we anticipated
in Section III-B.

In Fig. 3, we instead show the outcome of the adaptive
controller alongside with the predictions f;"} ;. At steady state,
the oscillations are avoided thanks to the information provided
by the predictions f77} ;.

In Table I, we provide quantitative results for all the objects.
In the second column we report the error e between the desired

![Online]. Available: https://github.com/hsp-iit/adaptive-tactile-force-
control
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Fig. 4.

P =pe— p(mm)

Examples of possible position/force relationships f(p) estimated using the data collected during the tactile force tracking experiments. Each is represented

with a mean curve, obtained from the data of ten experiments, together with 95% confidence intervals.

TABLE I
RESULTS OF THE TACTILE FORCE TRACKING EXPERIMENTS IN TERMS OF THE
TRACKING ERROR AND ITS FIRST TIME DERIVATIVE. RESULTS ARE EXPRESSED
AS MEAN (STD)

Metric el ¢(/s) 1 €const (1/5) 1
Method Bascline Adaptive Bascline Adaptive Bascline Adaptive
Paper tape ™ 369 (0.8) | 333(1.9) | 3214 (11.6) | 1661 (11.0) 329.6 (20.9) 116.3 (206)

Marker 340 0.5 | 35.101.0) 2324 (6.1) 1485 (1.9) 233.0 (12.8) 1016 (11.0)
Hammer 354 (07) | 338(0.6) | 267.1(117) 154.1 (4.6) 266.9 (16.4) 813 (9.0)
Charger™ 467(59) | 38229 | 3934 (676) | 1809 47.7) 401.0 (70.9) 80.9 (17.0)
Screwdriver 38309 | 332(17) | 2856 (12.7) 127.6 (4.8) 325.0 (10.9) 72.1 (6.7)
Peg test 49927 | 40221) | 4146 (31.8) | 2129 (26.9) 459.8 (36.8) 1289 (39.1)
Orange j.* 264 (0.7) | 27.1 4.0) 2147 (8.2) 1617 (56.8) 229.1 (7.6) 1169 (76.5)
Power drill 415(10) | 38504 | 286.1(17.2) | 167.8(11.9) 308.7 (21.8) 1312 21.4)
Stacking b. 400 44) | 326200 | 3383575 | 1914 37.7) 379.3 (84.6) 1222 (44.2)
Banana 293 22) | 256200 | 2206(33.0) | 1593 (304) 2412 (61.8) 96.3 (16.4)
Strawberry 310 (12) | 30.1(1.0) 1858 (189) | 127.7 (14.4) 172.1 (30.9) 83.9 (23.0)
Foam brick 186 (04) | 205 (0.5) 109.0 (4.1) 89.6 (3.4) 107.7 (5.6) 61.0 (7.8)
Mustard b. 206 (12) | 21309 1462 (11.6) | 129.0 (15.4) 1243 (10.9) 80.9 (11.7)
Wallet™ 279(0.7) | 239 (0.6) 1772 (112) | 1083 (12.8) 194.4 (16.1) 86.8 (13.5)
Pudding box | 222(L.1) | 209 (0.3) 127.4 (18.0) 100.1 (9.1) 1173 (30.5) 66.4 (9.1)
Cracker box | 286 (02) | 27.9 (0.5 96.2 (6.4) 80.8 (4.8) 90.3 (8.3) 613 (8.8)
Bleach c. 211 (04) | 205 (0.4) 1143 (5.0) 97.4 (6.6) 100.3 (7.6) 82.9 (10.8)
Sugar box 21129 | 200 1.7 1359 38.1) | 1032 (28.2) 144.3 (62.6) 755 (36.9)
ALL 3170.0) | 290 (6.7) | 2264 (959) | 1392 (36:8) | 2347 (110.0) 915 (22.2)

*Object not from the YCB Model Set.

and achieved force averaged over the trajectory time instants
and over all trials. With few exceptions, the proposed controller
achieves a better performance.

Most of the advantage of using the adaptive mechanism is
clear from the derivative of the error é, that we estimated using
all the data of each experiment. The derivative of the error
reports, although not exclusively, on the steadiness of the control
action during constant reference phases. The proposed controller
always outperforms the baseline achieving, on average, a reduc-
tion of ~ 39%. In the last column, we restrict our attention to
the constant reference phases of the trajectory, indicated as é.onst-
The average reduction is ~ 61%.

In Fig. 4 we report a sample of the position/force polynomial
relationships in (30) estimated during the execution of the force
tracking experiments. Each relationship is reported as a function
of the relative displacement p introduced in (32). For each
object, we show the mean of the estimates obtained from ten
experiments and the 95% confidence intervals. As one might
expect, solid objects appear in the leftward part of the plot, as
the force builds up earlier when the gripper closes against them.
Conversely, hollow and more deformable objects, or softer ones,
like the foam brick, appear in the center/rightmost part as the
gripper needs to close more, up to ~ 1.2 cm, to exert a similar
force on them.

TABLE II
RESULTS OF THE TACTILE MEASUREMENT PREDICTION EXPERIMENTS IN
TERMS OF THE PREDICTION ERROR. RESULTS ARE EXPRESSED AS MEAN (STD)

Object epred 4 Object epred
Paper tape™ 26.7 (0.2) Banana 16.5 (2.0)
Marker 21.1 (0.2) Strawberry 19.2 (0.5)
Hammer 21.2 (0.2) Foam brick 13.9 (0.1)
Charger™ 33.9 (0.9) Mustard bottle 12.6 (0.2)
Screwdriver 19.8 (0.2) Wallet™ 9.8 (0.2)
Peg test 34.5 (0.3) Pudding box 8.1 (0.2)
Orange juice™ 22.6 (0.1) Cracker box 8.2 (0.1)
Power drill 23.0 (0.3) Bleach cleanser 7.3 (0.1)
Stacking block 38.4 (0.4) Sugar box 5.8 (0.1)
ALL 19.0 (9.5)

*Object not from the YCB Model Set.

C. Results on Tactile Measurement Prediction

In this section, we discuss the performance of the online tactile
measurement predictor presented in Sections III-C, IV-A, and
IV-B. To this end, we setup a specific experiment where the
gripper is commanded to close by small amounts J,, in open
loop until the tactile signal fj, is approximately equal to 400,
in sensor units. For each step, we compare the predicted force
[, obtained by setting d(ex) =, in (28), with the actual
tactile signal achieved after the gripper has completed the step
motion. We repeated the experiment ten times for each object.
An example of the outcome is shown in Fig. 5.

In Table II, we report the average prediction error ep,cq
averaged over all trials. When considering all the objects, the
average error is in the order of 20 sensor units corresponding to
the 5% of the dynamic range considered in the experiment.

D. Results on Closed-Loop Object Sliding

In this section, we present the results of an experiment
where the proposed controller is used as part of a cascaded
architecture in order to control the sliding velocity of an object.
The architecture is shown in Fig. 6.

We assume that the object can only translate along one di-
rection during the sliding motion due to the interaction between
the gravity force and the friction force between the object and
the fingers of the gripper. We also assume that the object cannot
rotate. The object velocity vy, is estimated online with a Kalman
Filter [13] using the position of a fiducial marker attached
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(raw units)
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Fig. 5. Outcome of one of the tactile measurement prediction experiments.
Each prediction, indicated with a grey dot, is compared to the tactile signal
obtained when the gripper has actually moved by d,,, indicated with a red dot
on its right.

to the object as the measurement. Furthermore, we make the
hypothesis that the object needs to slide at a given constant
velocity v<.

Given the desired velocity v? and the velocity feedback vy,
the sliding controller should provide a reference f,f to the
force controller, such that the velocity error e, ; = vt —
is minimized. Taking inspiration from the controller presented
in [7], we design a two-stage PID controller to achieve the above
goal. The first stage, termed pre-sliding, uses a PID controller
to regulate the absolute force until the velocity vy, has reached a
given pre-sliding velocity vP™¢ < v

f=fd | +PIDP® (0P —vy). (33)

We indicate with f* the value of the measured force f;. at the
time the velocity reached the pre-sliding velocity.

The second stage uses a PID controller to regulate the force
around the value f* in order to reach the desired velocity v and
compensate for external disturbances:

fi = f* +PID(e, ). (34)

In order to perform the experiments we used a bottle of rigid
plastic, shown in Fig. 7, filled up such that its weight was enough
to make it slide between the fingers of the gripper. We performed
ten experiments using both the baseline controller and the pro-
posed adaptive controller to track the desired force f,‘j provided
by the sliding controller. During the experiment, we also assess
the ability of the controller to react to external disturbances by
adding a weight on top of the bottle and removing it after a
predefined time.

We set vP™ = 0.05cm/s and v = 0.1 cm/s. For the pre-
sliding stage we set the gains of the PID controller as follows:
kPre =0, k"¢ = 10%, k" = 5 x 10%. For the actual sliding,
we set them to k;, = 0.0, k; = 2 x 10* and kq = 5 x 103,

We remark that at the beginning of the experiment the object
does not move as the initial desired force f¢ is set to a value
such that the object is firmly grasped by the gripper and it does
not slide. In our experiments we set f& = 300.

In Fig. 8, in the top row, we compare the desired velocity
with that achieved using both controllers. Each plot comprises
the mean curve, averaged on all the experiments, and the 95%
confidence intervals. The performance of both controllers is
similar although, when using the adaptive controller, the error
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Fig. 6. A scheme representing the cascaded control architecture employed for
the closed-loop object sliding experiments.

Fig. 7. The experimental setup during the execution of a sliding experiment
with the “bottle” object.

is sometimes slightly larger and more spread around the mean.
When considering the corresponding behavior of the low-level
force control, shown in Fig. 9 for one of the ten experiments,
we can observe that the baseline controller induces persistent
oscillations around the desired reference, while the oscillations
are avoided with the adaptive controller.

In summary, the adaptive controller helps reduce the oscilla-
tions although at the cost of increasing the velocity error and its
variance. This depends on the working principle of the adaptive
controller, that is the possibility to disable the control loop, i.e.
setting A,, = 0 in (13), if the next control action is deemed not
useful to reduce the force tracking error. While this mechanism
removes the oscillation, at the same time it reduces the overall
responsiveness of the system. Nonetheless, if the performance
degradation is compatible with the constraints of the user and
if the oscillations are to be avoided, the adaptive controller still
represents a valuable alternative.

As additional experiments, we repeated our tests with a dif-
ferent target velocity v? = 0.25cm/s. We kept all the other
parameters unchanged. We report the results in the bottom row
of Fig. 8. We also provide a video of the experiments, including
tests on a different object, the hammer, which has different
mechanical properties than the bottle.

E. Limitations and Future Directions

The performance of the proposed force controller depends
significantly on the choice of the relationship f(p). If the func-
tion is not estimated correctly, the force predictor f;" | could
underestimate or overestimate the actual force achieved by the
system resulting in a wrong control decision. A possible future
research direction could investigate how to detect if the estimated
position/force relationship is wrong, imprecise or needs more
samples to be refined, and how to recover from these situations.
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Fig.8. Outcome of the sliding experiment with vP"¢ = 0.05 cm/s and target
velocities v% = 0.1 cm/s (top row) and 0.25 cm/s (bottom row). Each plot
comprises a mean curve, averaged over ten experiments, and 95% confidence
intervals.
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Fig.9. Desired and achieved tactile force signal during the sliding experiment
with v¢ = 0.1 cm/s when using the baseline (top row) and adaptive controller
(bottom row).

Moreover, we plan to study how visual inputs combined
within learning techniques could be used to provide a prior
for the position/force relationship even before the interaction
between the gripper and the object has occurred. This extension
could be useful to reduce the number of tactile samples required
to properly estimate the relationship. At the same time, the tactile
readings might be used to refine the visual model so that it
becomes more aligned with the objects the robot interacts with
more often.
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VI. CONCLUSION

In this letter we proposed an adaptive tactile force controller
for grippers with low positioning resolution. We demonstrated,
both mathematically and by means of experiments on a real
gripper, that the proposed controller outperforms a plain integral
tactile force controller by reducing the steady state oscillations,
due to the low positioning resolution, and in terms of force
tracking error and its derivative. The proposed controller can be
used with different objects as proved by our experiments, carried
out on a consistent number of objects from the standard YCB
model set. Additional experiments on controlling the velocity of
an object, that slides between the fingers of the gripper, showed
that the proposed controller can be used as inner loop of a
cascaded control architecture for higher-level control tasks.
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