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Abstract The experiment on impedance adaptation to achieve stable grasp for an under-actuated gripper
grasping different unknown objects with tactile array is conducted. Under-actuated gripper has a wildly
application in the field of space robot and industrial robot because of its better shape-adaptation. However
it is difficult to achieve stable grasp owning to the uncertain properties of environment. A control strategy of
adaptive matching the impedance parameters is proposed to achieve stable grasp. Firstly, the unknown ob-
jects are described as linear systems with unknown dynamics, and the parameters of the object are identified
with the recursive least-squares (RLS) method through tactile sensor array. Then a desired impedance model
is obtained by defining a cost function that includes the contact force, velocity and displacement errors, and
the critical impedance parameters are found to minimize it. Finally, an experiment is presented and shows
that the proposed impedance model can guarantee the stable grasp for various unknown objects.
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1 Introduction

In recent years, the control design and stability analysis of robot have received considerable attention,
and the control system of the robotic manipulator has been developed during the past decade, such as
education, entertainment and rehabilitation. Thereinto, under-actuated gripper is one of the most popular
robotic manipulator, which has a wild application in the field of space robot and industrial robot because
of its better shape-adaptation [1]. In the field of space robot, some researchers focus on the tether space
robot [2,3]. Huang et al. [4] proposed a robust control method based on back stepping control method
to deal with the stabilization problem of the tether space robot. The control stability of the tether space
robot was further studied by [5]. In the field of industrial robot, some researchers combined the visual
and tactile sensing for robotic stable grasp [6-9]. However, in the most cases, the parameters of the
grasped object are unknown, which is difficult to achieve stable grasp owning to the uncertain properties
of environment. The balance between the contact force and the input torque attributes to the stable
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grasp, so a proper contact force is essential for the grasp of under-actuated gripper. It is valuable to
mention that, the contact force cannot directly be obtained. It can be adjusted by controlling the input
torque based on the balance between the contact force and the input torque. Thus, it can be seen that
the input torque is associated with the properties of environment [10], so it is important to identify the
unknown parameters of the object to achieve proper contact force [11,12] in the interaction between
robots and environment.

In the field of interaction control, position/force hybrid controller is a classic processing method [13].
However, this method usually cannot control the dynamic characteristics of the finger, which is difficult
to ensure compliant grasp. Then Hogan [14] proposed impedance control, which is now the most popular
control method because of its better robustness [15-18]. However, the model parameters of traditional
impedance controller are constant, which will lead to insufficient adaptability. Therefore some researchers
have done further studies including adaptive impedance control and learning impedance control. Learning
impedance control has been used to achieve impedance parameters in unknown environment. For example
Petkovic et al. [19] designed an adaptive neural fuzzy controller with impedance parameters self-adjusting
mechanism, but its computational complexity limits the application in practice. A grasp adaptation
strategy which does not depend on the specific impedance model was proposed in [20,21] to perform
robust grasping, but the effect is closely related to the prior experience, and the robustness is difficult
to guarantee. A novel policy iteration approach which does not require prior knowledge of system was
proposed in [22], however it is only for state regulation. It can be acknowledged that learning impedance
control requires the robot to repeat operations to learn desired impedance parameters that will easily
cause inconvenience.

For adaptive impedance control, optimization is important because the control objective of impedance
control contains force regulation and trajectory tracking. Johansson et al. [23] has done related work to
define an optimization function that includes contact force and position deviation. The desired impedance
parameters are obtained by minimizing the optimization function. However, the kinetic parameters of
the environment are known. Adaptive dynamic programming (ADP) is developed to achieve optimal
control in the case of unknown system. Xu et al. [24] studied the control of a flexible-link manipulator
with uncertainty; the sliding mode control was proposed while the adaptive design was developed using
neural networks (NNs). He et al. [25] investigated adaptive fuzzy neural network (NN) control using
impedance learning for a constrained robot, which does not need the prior knowledge of the uncertainty
and a sufficient amount of observed data. In [26], adaptive impedance control was developed for an n-link
robotic manipulator with input saturation by employing neural networks. Whatever to say, the above
methods require the robot repeating the same motion to obtain the desired impedance parameters, which
consumes a lot of energy [27,28]. To solve this problem, Ref. [29] proposed an adaptive impedance control
method that achieves the adaptive adjustment of the parameters by minimizing the linear cost function,
however the impedance model of the unknown environment is still based on strict linear assumption.
Although impedance adaptation has been widely developed, it is difficult to realize stable control based
on the identification of the unknown object, because it is impossible to control the position of each
phalanx independently for under-actuated gripper.

This paper presents a control strategy of adaptive impedance parameters matching on a three-finger
under-actuated gripper using tactile sensor array to achieve stable grasp under unknown environment.
Firstly, the unknown objects are described as linear systems with unknown dynamics, which is described
as a mass-damping-stiffness system. The parameters of the object are identified with the recursive least-
squares (RLS) method using the tactile sensor array and a state function is established with the identified
parameters. Then, a desired impedance model is obtained by defining a cost function that includes the
contact force, velocity and displacement errors. Owning to the under-actuated characteristics, it is
difficult to directly measure each phalanx’s displacement and it can be obtained through the geometric
relationship with measured joint angles. Finally, the critical impedance parameters are found to minimize
the cost function and the desired impedance model is imposed to the under-actuated gripper to achieve
stable grasp.

This paper is organized as follows. The mechanism and experimental setup are introduced in Section 2.
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Figure 1 (Color online) The scheme of experimental system.

Figure 2 (Color online) The structure of under-actuated gripper system.

In Section 3, the impedance adaptive control and the identification of environment parameters are pre-
sented. The availability of the proposed method is verified through experiments in Section 4. Section 5
concludes the paper.

2 Mechanism and experimental setup

The experimental system includes a supervisor computer and an implementation controller as shown in
Figure 1. The implementation controller consists of the under-actuated gripper system and the hardware
control architecture. The main chip of the hardware control circuit is the DSP28335 which controls the
grasp action of the under-actuated gripper, and the motor is driven by PWM mode. The DSP28335
also collects the motor rotation and tactile sensing information, and then sends them to the supervisor
computer through the serial port. The supervisor computer displays the measurements based on the serial
debugging software, and its main function is to send control instructions, and to display the information
in real time which is transmitted by the DSP28335.

2.1 Mechanism

The structure of the under-actuated gripper system is shown in Figure 2, which consists of three parts:
the driving portion, the gripper portion and the tactile sensor. The driving portion consists of one
driving motor, one slider and one screw. The gripper portion consists of three under-actuated fingers
with rotational springs, i.e., passive actuators. The detailed construction of the under-actuated gripper
finger is shown in Figure 3. The gripper has three fingers. Each finger has two knuckles, the proximal
knuckle and the distal knuckle. The tactile sensor array is fixed on the fingers to measure the contact
force.
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Distal knuckle

Figure 3 (Color online) The construction of the under-actuated gripper finger.

Table 1 The geometric size of under-actuated gripper

Length (mm) Width (mm) Thickness (mm)
Proximal knuckle 40 18 15
Distal knuckle 50 18 15
Palm 80 60 -

Tactile sensor

(b)

Figure 4 (Color online) The under-actuated gripper with an unknown grasped object. (a) The model of gripper and
object; (b) the under-actuated gripper with an unknown grasped object.

The under-actuated gripper is designed according to the size of the human finger, and the specific
parameters are shown in Table 1. In particular, the surface of the finger is integrated with the tactile
sensor array, so the thickness given in the table is the total thickness of the finger with the sensor array.

2.2 Model

When the under-actuated gripper grasps an unknown object in the experiment, the model is shown in
Figure 4 [30]. It can be seen from Figure 4(a) that the unknown environment is described as a mass-
damping-stiffness system with unknown environmental parameters such as contact mass, damping and
stiffness [28].

The dynamic equation of the unknown grasped object is

f=-mi—-2Ct - 2Kz, (1)

where %, 2 and x are the acceleration, velocity and displacement of the contact point, respectively, which
change along the z; axis. f is the contact force between the object and the knuckle, which can be
measured by a tactile sensor. m,C' and K are the unknown environmental parameters, which are related
to the contact mass, damping and stiffness. The state function of a mass-damping-stiffness system is
described as

£ = A¢ + Bu, (2)

where w is the system input which is chosen as uw = [f], £ is the system state which is chosen as
¢=[i = 2|7, and A and B are unknown constant matrices related to the parameters of grasped object
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Figure 5 (Color online) The sensor array. (a) The structure of sensor array; (b) 2 X 2 sensor array; (c) 2 X 1 sensor array.

(m, C and K). z € R™ is the state of the following system [23]:

(3)

Z=UZ,
Tt = VZ,

where U € R™*™ and V' € R™ ™ are known constant matrices. Substituting (1) into (2), the state
function can be written as

T —2Cm~!' —2Km™' 0 —m~!
il = I 0 o+ o |/ (4)
x 0 0 U
—2Cm~' —2Km~"' 0 —m~!
A= I 0 0|, B= 0 . (5)
0 0 U

The desired impedance model in impedance adaptive control is based on the state function of unknown
grasped object, which will be introduced in detail in Section 3.

2.3 Sensor array

In order to achieve the stable grasp of under-actuated gripper, it is necessary to measure the contact
force between the fingers and the object, which makes the gripper take an appropriate grasp force.
Tactile sensor is generally used for measuring contact force. A single tactile sensor has limitations in the
measurement. It can only measure a certain point or a local range of pressure. Therefore a sensor array
which can integrate multiple tactile sensors is proposed. It can measure not only the contact force, but
also the contact position between the fingers and the object, where the maximum pressure outputs. The
numbers of pressure spots in the sensor array are designed as 2 x 2 and 2 x 1 in this paper, which are
fixed on the distal knuckle and proximal knuckle respectively. The pressure spot are FSS1500NGT force
sensors which are installed in the illustrated position, as shown in Figure 5.

The static characteristic of sensor array are tested by experiments, the sensor is arranged on a horizontal
platform, and the output of the sensor array is measured with the loading change from 0 to 2000 g with
a 100-g step length. The measurement result and the fitting curve obtained from recursive-least-squares
(RLS) are shown in Figure 6. It can be seen that the fitting curve is close to the measurement result.
The error between the fitting value and the measured value is shown in Figure 7, and the maximum value
is less than 1.5 mV.

The loading test is repeated on the sensor array for twice, and the result of the 1st and the 2nd
measurements are very similar as shown in Figure 8. The difference between the two measurements is
shown in Figure 9 and the maximum value is less than 0.6 mV.
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Figure 6 The static characteristic of sensor. Figure 7 The error between the fitting value and the mea-
sured value.
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Figure 8 The repeated test on the sensor array. Figure 9 The error of repeated test.

The positive and negative loading process is also tested on the sensor array. The positive process is
loaded from 0 to 2000 g with a 100-g step length; the negative process is also loaded from 2000 to 0 g,
with a 100-g step length. The loading results are shown in Figure 10. The error between positive and
negative process is different, as shown in Figure 11.

The performance of the sensor array depends on the performance of the FSS1500NGT sensor, and it
is tested and shown in Table 2. It can be seen that the sensor array has good linearity, repeatability and
hysteresis.

3 Impedance adaptive control scheme

In this section, we describe our approach to learn parameters of the unknown object based on tactile
sensing information and apply it to the impedance adaptive control. The proposed impedance adaptive
control scheme of the system is shown in Figure 12, which includes the identification of object parameters
and desired impedance model.

3.1 Identification of the unknown grasped object based on RLS

Identification of the unknown environment parameters based on RLS is briefly introduced in this subsec-
tion. The results will be used for the development of the impedance adaptation. Recalling (1), for each



Cui J, et al.

Sci China Inf Sci

December 2018 Vol. 61 122202:7

80 » 2.0
» > x

0 * Positive process
60 > Negative process »Ik o 1.5
% » E
< 50 k =
o » o 1.0
g » 5
= 40 I 5
. * 5 0.5 " x
= 51« .
‘§' 30 »Dv g .
© 20 » 3 X Kk X

w 0 x X X
"3 X
10 ® .
on® - - - . 05
0 5 10 15 20 5 10 15 20
Force (N) Force (N)

Figure 10 The positive and negative loading process on

the sensor array.

Figure 11 The return difference.

Table 2 The performance of sensor array

Item Value
Linearity 1.64%
Sensitivity 4.05 mV/N

Repetition rate 0.70%
Thickness 5 mm
Total area 30 mm X 18 mm

Temperature range

—40° — +85°

/
Xa T
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with grasped object
'
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X, X, X . . P, P, 9.
: Kinematics CALE model
Environment parameters
identification

Figure 12

(Color online) Schematic of the impedance adaptive control.

k € Z* where k stands for kth and ZT is positive integer set, the discretization of (1) is

f(k) = —mi(k) — 2Cx(k) — 2Kz (k).
Eq. (6) can be rewritten as matrix form as
fk) = —rT(k)w,
where
r(k) = [i(k) 2@(k) 2z(k)]",
w=[m C K"
w is estimated through RLS method [31]:

W(t) = w(t — 1) + L((t))[f(t) - r  (t)w(t - 1),
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where
L((t)) = P(t = )r)[1 + 7" () P(t — 1) ()], (11)

P(t) = [I; — L{)r (1) P(t — 1). (12)

In (11) the variable P(t) is the covariance matrix whose size is 3 x 3, and P(0) = poIs, where pg is a
large positive number, e.g., pg = 105. The estimation error is defined as § = 1(t) — w, which approaches
zero when the input signal is persistently excited with finite variance, and the noise has a zero mean.
Thus, the parameters of grasped object-contacting inertia m, damping C' and stiffness K are obtained
using the RLS algorithm.

3.2 Impedance adaptive control

T, in the schematic is the driving torque exerted by motor and f is the contact force between the fingers
and the object. The desired impedance model is defined as

= Z(z0,z4), (13)

where Z(-) is a target impedance function that needs to be determined, x4 is the desired trajectory of
the contact point, and x¢ is the virtual desired trajectory. Assume zo(t) = z(¢) for an ideal position
controller. The desired impedance model can be rewritten as

f=2Z(z,2q). (14)

It is worth mentioning that Z(-) is based on the unknown grasped object. A cost function that includes
contact force, position deviation, and velocity is defined to solve Z(-), which is expressed as follows [32]:

+oo
r— / (67 Qué + (2 — 2a)" Qalw — wa) + f7rf) dt
0

+oo / —0OLV
= / i Qi+ [27 2"] QTQ TQ2 U fTrr ) a
0 —V3iQL, VIQLV | | 2
—+o0
- [ e R (15)
0
In (15), @ and R are the weighting matrices which satisfy
Q1 0 0
Q= QT = 0 QIQ *QIQV , R= [7’], (16)

0 -VTQ, VIQV

where @ and @, are factors: Q1 > 0, Q5 > 0 and r > 0. For certain @ and R, solve the following
Riccati equation:

PA+ AP -PBR 'BTP+Q=0. (17)
The optimal feedback gain matrix can be obtained:
K,=-R'B"P. (18)
We define that
P P P;
P=| % x x|, (19)
* kK

where P; € R™"*" Py, € R"™" and P3 € R™"*"™, and % represents the elements that do not concern this
problem. Then, the desired impedance model has been obtained according to K} and the optimal control
states (Eq. (5)):

f=-Ky=—-R 'BTP¢. (20)
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Object 1 Object 2 Object 3 Object 4

Figure 13 (Color online) The unknown grasped objects.

(©) (d

Figure 14 (Color online) The unknown grasped objects. (a) Initial state; (b) close state; (c) contact state; (d) grasp
state.

==

(a) (b)

By substituting (19) into (20), we can obtain desired impedance model

f=m ' RIPig+m 'R 1Pz —m 'R1P;z
=m 'R P+ Por — PBsVI(VVT)) gy (21)

= —kofi? — klx - kzﬁcd.

ko, k1 and ko can be obtained by solving the Riccati equation under certain A, B, Q and R:

ko = —\/Q%/r — 2mhk +4C2 4 2C, (22)
ki =—4/Q%/r +4K? + 2K, (23)
ko = Q4Vr— Y (kU — 2CU + mU? +2KI — ky I)'VH(vv )L (24)

Therefore, the desired impedance model with the measurement of f,  and x4 can be obtained, as shown
in (21).

4 Experiments

4.1 Experimental conditions

In the experiments, four different materials are used to verify the stability of the impedance adaptive
control, including plastic bottle, water bottle, glass cup and insulation cup named as object 1, 2, 3, and
4, respectively, as shown in Figure 13.

A complete grasp process is shown in Figure 14. At the beginning, the under-actuated gripper is
open, as shown in Figure 14(a). Then the under-actuated gripper gradually approaches to the object
(Figure 14(b)) until it contacts (Figure 14(c)) and grasps (Figure 14(d)) the object stably. The weighting
matrices are chosen as @1 = 1, @5 = 3000 x 3000 and r = 1 in the experiment. The matrices U and V
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Figure 16 The displacement experimental results. Figure 17 Contact force experimental results.
are chosen as U = [ ;'] and V = [1 0.01]. The position control is achieved by the PID controller, which

is used to ensure trajectory tracking in joint space, and the parameters are chosen as P = 20, [ = 3,
and D = 0. The desired trajectory in the experiment is shown in Figure 15, which is divided into the
parameter identification stage, the parameter updating stage and the grasping stage. In the parameter
identification stage, the regular contact trajectory is a section function. Position control is applied in this
stage so that the contact point can track the desired trajectory, which is used to identify the contact mass,
damping and stiffness of the unknown object. It is also used to calculate the parameters of the desired
impedance model in real time. Because the parameters of the object are unknown, the larger contact
displacement may damage the object or the gripper, so it is necessary to select the appropriate desired
trajectory in the identification stage. Therefore, the maximum contact displacement is designed to be
1.5 mm which will not damage the object and gripper even in the case of objects with large rigidity. The
impedance model f = — K€ is applied to the control system, where Ky = [1 1000 1000] is the initial
value of the impedance parameters. In the parameter updating phase, the identification of parameters
has been completed and the parameters of the desired impedance model are also calculated according
0 (21)—(23). The under-actuated gripper is returned to the initial contact state for preparation. The
desired trajectory is designed to be 24 = 3 — 3e7%%!. In the grasping tage, as shown in Figure 15, the
impedance model for this period is f = & — 2656z + 4435x4. The impedance parameters are used to
update the impedance model, and the under-actuated gripper will perform adaptive grasping process
according to the parameters of the object.

4.2 Experimental results

The experimental results are shown in Figures 16 and 17. Figure 16 shows the contact displacement
and Figure 17 shows the contact force during the grasp. It can be seen that the contact displacement
and force tend to stable after 10 s. The difference of stable displacement and contact force also shows
the corresponding adaptability according to the different object. It can be seen from Figure 16 that the
contact displacement of the object 2 is the largest, followed by the object 1, object 3 and object 4. The
displacements, which are 2.6, 2.4, 2.1 and 1.5 mm, respectively, coincide with the hardness of the four
objects. It can be explained that the deformation will be larger when the grasped object has smaller
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Figure 18 The parameters of desired impedance model. (a) Object 1; (b) object 2; (c) object 3; (d) object 4.

Table 3 The parameters of desired impedance model (steady-state value)

Object ko (Ns/m) k1 (N/m) k2 (N/m)
Object 1 —-3.0 —1217.3 2057.1
Object 2 —6.4 —1648.3 2502.7
Object 3 —4.6 —1275.6 2129.5
Object 4 —4.0 —1189.6 2024.6

stiffness value. On the contrary, for the stiffer objects, the deformation will be relatively smaller. The
contact force (in Figure 17) also shows the same rule. When the object 2 is grasped, the contact force is
3 N, and the contact force is 4.6 N for the object 4. It requires a larger contact force to achieve stable
grasp for an object with larger stiffness value.

The experiments demonstrate the self-adaptability. It can be seen that the under-actuated gripper
achieves stable grasp with four different objects, and the displacement and the contact force are both
various for different objects. This adaptation depends on the parameters of the impedance controller and
the parameters become stable after 15 s, as shown in Figure 18. The details of the parameters are shown
in Table 3.

It is expected that the resolution and updating of the impedance parameters are based on the identi-
fication of the object parameters, so the accuracy of the parameter estimation affects the stability of the
grasp. The estimation of the object parameters in the identification is shown in Figure 19.
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Figure 19 The parameters of unknown objects. (a) Object 1; (b) object 2; (c) object 3; (d) object 4.

From Figure 19, it can be seen that the change of the object parameters is similar to the change of
desired impedance parameters, and the estimated value of the object parameters reach steady after 15 s,
which verifies the effective of recursive least squares (RLS) method. The steady-state values of the desired
impedance parameters and unknown objects are shown in Table 3. In this experiment, the under-actuated
gripper can achieve stable grasp for four different objects with various impedance model parameters to
verify self-adaptability of the system. Therefore, the results show that the proposed impedance adaptive
control method is effective and feasible.

5 Conclusion

In this paper, the impedance adaptation has been developed to achieve stable grasp for an under-actuated
gripper grasping different objects with tactile array, based on the desired impedance model which has been
obtained to match the unknown objects. The unknown grasped object is described as a mass-damping-
stiffness system, and the parameters of the object are identified with the recursive-least-squares (RLS)
method through tactile sensor array. Then a desired impedance model is obtained by defining a cost
function that includes the contact force, velocity and displacement errors, and the critical impedance
parameters are found to minimize it. Finally, the desired impedance model is imposed to the under-
actuated gripper to achieve a stable grasp. The experiment shows that the proposed impedance model
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can guarantee the stability of grasp, and also present adaptation for various objects.

The method proposed in this paper is based on the identification of object parameters, the contacting

inertia m, stiffness K and damping C' are obtained from the recursive-least-squares (RLS). However, it is
difficult to measure the theoretical characteristic of the actual object, so further study is needed to verify

the accuracy of the characteristic identification. Our future work will also focus on the measurement of
under-actuated gripper’s joint angles, which can improve the identified accuracy of unknown objects.
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