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Abstract— The Hand Arm System of DLR is a complex mecha-
tronic system built to approach the human in terms of dynamics
and dexterity. Its fingers are antagonistically actuated by flexible
tendons, resulting in a nonlinear flexible joint. The advantages
of such a design are the high dynamics but more importantly
the enhanced robustness. Nonlinear control methods have been
developed in the community that are, at least in principle,
applicable to such systems. However, because of the complexity
of some methods, most works are focusing on simulations and
do not consider the practical issues arising with hardware. Such
issues are, for example, the need for derivatives or the use of
large matrix inversions. In this paper, we adapt the backstepping
method to the specific case of an antagonistic actuation. The
modeling of the mechanism is followed by the design of the
controller and the work is concluded by a set of experimental
results on the hand of the Hand Arm System, the ’Awiwi hand”.

INTRODUCTION

Tendon driven mechanisms are a common choice in the
design of robotic hands. It is anthropomorphic, but more
importantly, the remote actuation provides a low link inertia,
a small form factor for the link side and high dynamics.
Moreover, in conjunction with variable stiffness elements in
an antagonistic configuration, it is possible to control position
and stiffness of the joints independently. In [1], the advantages
and drawbacks of variable stiffness are discussed. In [2], Albu-
Schiffer et al. highlight that the intrinsic compliance seen as a
drawback in the past, can be a feature today. For small robots,
such as hands, it is especially interesting in order to protect
the robot itself. Indeed, since a control law cannot react in
the very first instant of the impact, the only protection of the
robot is its intrinsic compliance.

This paper focuses on the control of a joint driven by
antagonistic tendon with nonlinear stiffness.

The control of flexible joints was treated in more depth.
Previous works, such as [3], [4], consider ranges of stiffness
and inertia that are not comparable with the ones found in
fingers. Their assumptions or simplifications are therefore
not always applicable to the Awiwi hand. Adaptive motor
level PD controller was presented in [5]. Passitivity based
impedance controllers for the case of constant stiffness was
treated in [6]. The most intuitive approach is probably a
singular perturbation approach [7]. It relies on an assumption
on the time scale difference between the link side and the
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Fig. 1. The index finger of the Awiwi hand, the hand of the DLR Integrated
Hand Arm System (4 DOF, 8 tendons)

motor side; but may not hold if the inertia or stiffness is
varying over a large range. A cascaded approach [§] is also
very natural and does not require the time scale assumptions,
however it is not a constructive method so the stability proof
must be devised in a separate step. Finally, nonlinear methods
have been proposed in the literature such as backstepping [9],
feedback linearization [10], [11] or sliding mode control [12],
[13]. Dynamic surface control [14] is an extension of the
backstepping that accounts explicitly for the effects of filters
that are used to obtain high derivatives. It requires solving a
nonlinear matrix inequality problem of twice the dimension
of the system.

Works on tendon driven system focused on linear elasticity
in the context on serial elastic actuators (SEA). A neural
network based controller for flexible joint was proposed in
[15], [16]. More recently the implementation and control of the
Robonaut tendon driven fingers were presented in [17], [18]. A
controller for a variable stiffness mechanism using two motors
and two springs in an antagonistic configuration is presented
in [19] but the control is limited to a simple PD approach.
In [20], the impedance control scheme for variable stiffness
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mechanisms with nonlinear joint with a specific model was
presented.'. Feedback linearization of uncoupled joints that
are each driven antagonistically was treated in [21], [22].
Most nonlinear method require high order derivatives for the
tracking case. They are rarely directly measured therefore the
need for filtering is critical.

This work considers the regulation case since it is the most
relevant application case for a robotic hand. It proposes a
controller that maintains the symmetry of the problem. The
main contribution of this paper is to derive, apply and verify an
integrator backstepping controller for the finger of the Awiwi
hand. The experimental results, demonstrate the performance
of the method with respect to a linear approach.

The modeling of the tendon driven finger is proposed in
the first section. The second section details the design of the
backtepping controller to the specific case of an antagonistic
actuation. First a link side impedance controller is designed.
Then, a decoupling step is applied to allow for a Single Input
Single Output (SISO) design of the motor controllers. Finally,
the backstepping method is applied to each motor. Last section
describes several experimental setups and reports the results.
It is shown that the method presents a clear advantage over
previously applied methods. In particular, the method does not
require assumption regarding the time scales, as it is the case
for a singular perturbation approach.

I. MODELING

In this section, the dynamic equations for the index finger,
which is driven by a set of antagonistic and nonlinear elastic
tendon, are derived using CAD data. The model is referenced
in the literature as the flexible joint model [23]-[25]. This
paper focuses on the index finger but the approach applies
similarly to the other fingers since they have a similar mechan-
ical structure. In the Awiwi hand, the thumb uses a tensegrity
structure together with nonlinear elastic tendons. Its modeling
has been reported in [26].

The index finger Fig. 2 has 4 degrees of freedom (DOF)
that are driven by 8 tendons. The base joint is driven by
four tendons. The Proximal Interphalangeal (PIP) and Distal
Interphalangeal(DIP) joints are driven by four more tendons.
The latter tendons are nearly going through the rotation center
of the Metacarpal Proximal (MCP), and therefore have a

negligible influence on the base torques.

The coupling between the dynamics of the motors and
the link side is limited to the tendon forces. Therefore, the
dynamic equations are obtained by coupling the dynamics of
the ei%ht Permanent Magnet Synchronous Motors (PMSM),
with those of a serial robot with four joints. The diagram of
Fig. 3 depicts the structure of the mechanism. Similar to the
approach used in [20], the equations are:

1

where the variables are defined according to Table I. Following
the conventions of [27], [28], the coupling matrix P(q) €

M(q)q + C(qv Q)q + g(q) + Tfric,q P(q).ft (CL 0) + Text

B+ Ef(q,0)

Tm

IThe controller requires a linear change of stiffness w.r.t the tendon force
that is k£ = af
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q2
Fig. 2. Index model: four joints and their associated 8 tendons
TABLE I
DESCRIPTION OF VARIABLES
Symbol Designation
neN number of joints
m€eN number of tendons
h ¢ R™ positions of the tendon w.r.t. a fixed reference
q € R" positions of the joint
Tq €ER? joint torques generated by the tendon forces
fi eR™ forces applied on the tendon
K € Rmxm stiffness matrix of the tendons
K, e R*™ stiffness matrix of the joints
ke; (fi) €R stiffness of the tendon depending on the tendon
force
P(q) e R"*™ coupling matrix
E € Rmxm motor pulley radii matrix
M(q) € R®*™ || link side mass matrix
B € Rmxm diagonal motor side mass matrix
C(q,q) link side centrifugal and Coriolis terms
g(q) € R™ link side gravity vector
Tfric,qg € R™ frictional link torque
Tm € R™ motor torque

R™*™ relates the m tendon velocities h € R™ to the n joint
velocities ¢ € R™. It is obtained as the derivative of the tendon
position h with respect to the joint position g that is,

_ 0Oh(q)

dq
Using the fact the work of the tendons is equal to the work
of the joint (the principle of virtual work), one obtains

q:P(Q)ft(Qa0)~ (3)

The tendon elongation depends on the tendon force. The
relationship is generated by the Flexible Antagonistic Spring
(FAS) mechanism depicted in Fig. 4, see [29]. The motivation
to use such a mechanism has been reported in [30]. Due to the
mechanism, the stiffness of a tendon depends on the tendon
force. It is locally obtained as:

aft (qv 9)

Oh(q,0)

Since, in the index finger of the Awiwi hand the tendon are
routed independantly, the tendon stiffness can be grouped to
form a diagonal matrix.

K, c¢ R™*™,

P’ (q) )

ke(qo,60) = “)

|q:qo,0:00 :

®)

It is crucial to note that the equations hold only as long as
the tendon forces are in their prescribed working range f €
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Fig. 3. Diagram: PIP and DIP joints of the index, two joints and their
associated four tendons

Fig. 4. Picture of the FAS mechanism

[fmin--fmax)- In the rest of the paper this assumption is
considered to be satisfied.

II. CONTROLLER DESIGN

The availability of an impedance controller at joint level
is nearly a prerequisite for research on grasping. It allows to
conform to the object and enables grasp teaching in a very
intuitive way. It is paramount to control the tendon force to
avoid tendon damage or slack. The behavior of the motors
is of little interest except maybe for the noise or efficiency.
The first step eliminates the inertial coupling between the two
motors and the link by a partial feedback linearization. The
second step presents the design of the impedance controller at
joint level. That is, the link behavior in terms of stiffness and
damping is specified. Third, the tendon controller is designed
by using the backstepping method. The estimation of the link
position and torque, required for the impedance controller, was
presented in [26] and is not repeated herein. The equation are
reported for a single joint so as to ease the notations and are
applicable to a multi-DOF system in the regulation case.

A. Inertia Decoupling

The considered system is a multiple input single output
(MISO) system. That is, two motors are used to actuate a
single joint. However, the backstepping method is best applied
to a SISO system although extensions to MISO system have
been proposed [31]. Different approaches are available to
transform the system, for example the scheme of pusher-
follower [11] or a decoupling approach. In the present case,
in order to keep the symmetry of the system, it has been
decided to treat each motor independently. A partial feedback
linearization cancels the inertial coupling between the motor
and the nonlinear stiffness terms. Applied to a single joint (1)
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is more clearly written as:

bm"(j = T1 — To + Text
516_1 = —T1+Trgm1 , (6)
bol = —To+ Trom2

where (61,6-) € R? ¢ € R are the motor positions and link
position. The link inertia and the motor inertia are denoted
bm € R, by € R and by € R. The radius of the motor
pulley and the joint pulley are denoted (rp,rq) € R?. The
joint torque generated by the tendons are 7 = ki(rm6; —
7qq)(rmb1 — 7qq) and T2 = ko(rmb02 + rqq) (Tmbs + r4q). In
the following, it is assumed that by = by = b, r, = 74 = 1 and
k1 = ko = k in order to simplify the notations. Defining ¢;
as the elongation of the first tendon, that is ¢; = (rm61 —74q)
and deriving it twice, with respect to time, yields

T = (d)l)(bl

= ((bl)(b + k(¢1)¢1

) 2k(d) - 8k 8k

# = [(¢1, ¢1) + k(1 )(91 - ‘j)

R Y . T

(7
where I'(¢, ¢) contains all the nonlinear terms. It follows that
(7) can be decoupled with a feedback linearization

Tm,1 =T1+% <—F(¢17<Z51)—lfn(71—7'2)> . ®
The expression of 7y, o is obtained by symmetry and applying
the feedback yields
T Uy
€))
T2

U2

One can remark that it is only required to perform a lineariza-
tion of the coupling terms since the backstepping procedure
incorporates the rest of the linearization. In this paper, the
complete linearization of (7) is performed to simplify the
backstepping integration equations of the following sections.
Although the tendon are unable to push, releasing the tendon is
equivalent to pushing a tendon. That is, as long as the internal
pretension is positive, each of the tendons can generate posi-
tive and negative joint torque. In the nominal case, all tendon
forces are well within the workspace and all requirements are
satisfied. The dynamic equation are partially invalid and the
controller is not guaranteed to be stable anymore if the tendon
forces reach the workspace limits. In such a case, a proper
handling scheme is necessary but is not reported here.

B. Torque distribution

The joint torque generated by the action of both tendons
should satisfy

Tq,des = Tl,des — T2,des — _Kp,impq - Kd,impdy (10)
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since a regulation impedance behavior of the link side is
desired. The torques generated by the tendons are subject to
the constraint

(11,72) € S?, (1)

where S C R is a real compact subspace given by the
maximum and minimum tendon force. According to (10) there
exists many combinations of motor torques that generate the
desired joint torque. The choice

T1,offset + O~57—q,des
T2,0ffset — 0~57—q,des ’

T1,des

12
T2,des ( )

where Ty ges and 7o ges denote the desired link torque to
be produced by the action of each tendon, is a choice that
symmetrically shares the torque. It is important to note that
the internal pretension is a degree of freedom that can be used
to satisfy auxiliary goals such as a mechanical link stiffness.
Bio-inspired methods for the stiffness adjustement have been
discussed for a finger in [32]. It is mostly depending on the
application and is not adjusted online, thus it has no influence
on the stability. The analysis presented herein assumes that the
reference stiffness is varied slowly or is fixed, that is, the
derivative of Ty omsc¢ does not appear in the Lyapunov analysis.

C. Strict feedback form

Thanks to the symmetry of the problem, one can concentrate
on a single motor, thus the following section treats the case of
0,. The backstepping is a recursive procedure that propagates
the control error downward by successively building Lyapunov
functions and selecting intermediate control laws. The pro-
cedure ends when the system input is reached therefore the
system must be triangular to ensure that the procedure ends.
Defining the state vector £ € R* as x (11 = gm0 =

q,x3 = T1,Ty4 = 7"1]T, results in a strict feedback form
description
jl = b;ll (-TS + Text)
.’i‘g = T4 (13)
T4 = Uy

D. Reference control law

The two motors have been decoupled so the problem
is treated as a set of independent differential systems. Let
Va(z1,x2), be the Lyapunov function
1 L
2 2
where K, ;mp € R is a positive scalar. The time derivative
along the solution of (13) is

Va(x1,72) = —bm¥3 + impTT (14)

Va(21,29) = T2(23 + Text) + Kp impT122 - (15)

The torque reference for x3 is denoted T3 and is selected
according to (12) in order to yield an impedance behavior of
the link side

T3 = _Kp,impxl - Kd,impIQ ) (16)
where K imp > 0 (resp. Kqimp > 0) is the impedance

controller stiffness (resp. the impedance controller damping).
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A first error must be introduced to account for the fact that
the tendon forces cannot be adjusted instantaneously. The first
tracking error z3 € R, which is a joint torque error, is defined
as

23 =3 — T3 . (17)

1) First backstep: Writing the system (13) in terms of the
error z3 yields

bmi = _Kp,impl'l - Kd,im_pl'Z + Text + 23
Z3 = T4 — I3 (18)
l"4 = U7
Defining the Lyapunov function
1
Vi(1, m23) = §(bm$§ + Kpimp2: +23), (19
it follows
Va(9, T423) = —Kq impTa + 23(x4 — T3) . (20)
Selecting the reference T, = —xy + &3 — k3z3, where k3 > 0

is a gain used to accelerate the torque convergence, for x4 and
introducing the error z4 = x4 — Z4, the Lyapunov derivative
becomes

. 2 2
Va(z2, xaz3) = —Ka,imp®s — k3zs + 2324, (21

which is negative semi-definite apart for the last term.
2) Second backstep: System (18) in terms of the error zy4
is given by

bmil = _Kp,impml - Kd,imp'rZ + Text + 23
Z3 = —o — k3zz + 24 (22)
24 = U1 — Ty

Let Vy(x1, 223, 24) be the Lyapunov function defined by

2

Its derivative along the solution of (22) is

Vi(21, 2923, 24) = = (b3 + Kpimpt + 23 +27) . (23)

V4(962, 23,24) = _Kd,impxg - k3Z§ + 2324 + z4(u1 — Z4) .
(24)
Selecting w; = —z3 + Z4 — kgzs, where kg > 0 is a

gain to accelerate the convergence, the Lyapunov derivative
is simplified in

Vi(2a, 2324) = —Kaimpts — k3za — kaz2,  (25)

which is negative semi-definite and achieves the controller
construction.

3) Input expression: The input expression is obtained by
recursively replacing the expression of the errors and the
references. It is important to note that some terms, such
as T3 or Z4 contain high order derivatives. It is better to
use the analytical expression of those derivatives rather than
a discrete implementation in order to avoid amplifying the
noise. Similarly, during simulation, the use of integrators and
derivatives should be carefully analyzed to reach a satisfying
simulation speed.
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E. Discussion

In this section, the backstepping method has been applied to
the case of an antagonistic actuation. A sharing of the desired
joint torque allowed to derive two symmetric controllers. The
asymptotic stability is guaranteed by the choice of the gains
as long as the tendon forces remain positive. Thanks to the
symmetry, the stiffness of the joint is naturally introduced as a
shifting of the desired working point for the tendon preload. It
is worth noting that in case of failure of one of the motor, the
controller will be able to operate but the controller impedance
will not be the prescribed one.

III. EXPERIMENTAL RESULTS AND SIMULATIONS

This section reports the experimental results obtained with
the real-time system. The implementation is done using
MATLAB/Simulink on a QNX operating system.? First, a
simulation is performed to verify that the controller behaves as
an impedance controller. Second, the controller is applied to a
single flexible joint driven by a single motor and using linear
springs. Unlike the fingers, the setup allows to use a very low
joint stiffness and joint damping to magnify the effets of the
backstepping approach. Moreover, it allows the link inertia to
be modified and provides a high resolution measure of the
link side position. Finally, a joint of the index of the Awiwi
hand is used to verify that an impedance behavior is realized
and that the control is performing adequately across a large
frequency range.

A. Controller behavior

Before implementing the controller on the real system,
a simulation verifies that the controller behaves as a joint
impedance controller. Fig. 5 reports the simulation results.
The desired link position, the measured link position and the
externally applied load are represented. In the first half of
the time (i.e. ¢ < 1s), a position step is commanded. The
link position is critically damped and has a negligible steady-
state error. In the second half of the time (i.e. t > 1s), the
desired position is set to the origin and two external force
steps are successively applied. The disturbance results in a
link deflection that is proportional to the applied force, thus
confirming that the link behaves like a virtual spring.

B. SISO system with linear stiffness

A first experiment is proposed on a single motor driving a
single joint placed in an horizontal configuration (cf. Fig. 6).
Both tendons are attached to the same motor, thus resulting
in a SISO system. The tendons are using very soft spring
in series in order to highlight the backstepping action. As
depicted in Fig. 7, the backstepping controller is able to
regulate the position of a flexible joint with low damping. The
wave highlighted by A in Fig. 7, is due to the fact that the
joint torque is minimal around the set point. The motor must
realize a large displacement to generate a sufficient torque to
slow down the link.

2More details on the hardware communication infrastructure, using BiSS
and Spacewire is found in [33].
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Fig. 5. Simulation antagonistic backstepping. The green dashed line depicts

the desired link position. The solid red line represents the link position. The
dotted light blue curve represents an externally applied joint torque.

Fig. 6. Photograph of the single motor with single link setup. On the left is
the motor, in the middle are two tendons with two linear springs and on the
right is the link.

C. Step response with the finger

The single motor experiment demonstrates that the con-
troller works in principle. Therefore, the controller equations
for an antagonistic joint are applied to the PIP joint of the
index (cf. Fig. 1). The results are reported in Fig. 8. The
experiment is realized with a 20N pretension. It can be seen
that the controller successfully moves the link to the desired
position. The link is moved in about 20ms to the target
position with a very slight overshoot. This performance was
not possible with a linear controller.

D. Linearity of the impedance

The previous experiments show that the controller suc-
cessfully moves the joint. However, it does not indicate if
the impedance stiffness is effectively realized. Therefore, an
experiment is performed to evaluate the relationship between
the joint torque and the impedance stiffness during an imposed
link deflection. First, a joint of the index finger is mechanically
attached to a rigid fixture and a known joint deflection is
imposed. Then, the stiffness of the impedance controller of
the joint is varied and the resulting torque is recorded. The
relationship, which would ideally be a straight line, is depicted
in Fig. 9. The results confirm that the controller is generating
a torque nearly proportional to the controller stiffness.
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Fig. 7. Measured link position during a step response. The green dashed

line depicts the desired link position. The solid red curve depicts the motor
position while the dotted light blue curve represents the link position. Left: a
motor PD controller is used. Right: the backstepping controller is used. The
large link oscillation obtained on the left highlights the link stiffness and the
low dampling of the link.

0.523

g 0.349 ¢

£ i

< i

20174t |

o i :

A ! ;
0.000 . " J H

0 01 02 03 04 05 06 07 038
Time [s]
Fig. 8. Measured link position during a step response. The green dashed

line depicts the desired link position. The solid red line represents the link
position with the backstepping controller.

E. Frequency response comparison

Finally, the performance of the controller is analysed in term
of bandwidth. The gain diagram is obtained by recording the
amplification gain of a small sinusoidal position command
over a frequency domain. As the system is nonlinear, the
frequency response is changing with the pretension, herein
the nominal case is reported. The gain diagram reported in
Fig. 10 shows that the backstepping controller achieves a unit
gain up to 80 rad/s.

IV. CONCLUSION AND FUTURE WORK

A nonlinear control method, known as the integrator back-
stepping method was adapted to an antagonistically tendon
driven joint, with nonlinear stiffness. In the first section, the
modeling of the joint has been presented and the dynamics
have been derived. The second section started by decoupling
the system in order to apply the backstepping integrator
procedure while maintaining the symmetry of the problem.
The method heavily relies on partial feedback linearization
even in the regulation case. Therefore, although the stability
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Fig. 9. Experiments: verification of the impedance behavior. The curve
depicts the joint torque generated by the tendon forces depending on the
desired impedance stiffness. A position error of the joint is imposed externally
by a mechanical fixture.
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Fig. 10.  Experiments: Gain diagram for the PIP joint controlled by the

backstepping controller (indicated by light blue dots). The pretension was set
to 20N.

of the controller was established mathematically, a set of
experiments and simulations were conducted to verify the
applicability of the controller. The experiments demonstrate
the excellent performance of the controller. It is interesting
to note that, because of the torque sharing approach, the
system is able to perform with only one motor. The on going
work concentrates on extending the controller to include the
stiffness adjustment dynamics, that is to design a multiple
input multiple output (MIMO) backstepping controller.
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