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Compliant Movement Primitives in a Bimanual Setting
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Abstract— Simultaneously achieving low trajectory errors
and compliant control without explicit models of the task
was effectively addressed with Compliant Movement Primitives
(CMP). For a single-robot task, this means that it is accurately
following its trajectory, but also exhibits compliant behavior
in case of perturbations. In this paper we extend this kind of
behavior without explicit models to cover bimanual tasks, where
the relative motion of the robots is maintained. In the presence
of an external perturbation on any of the robots, they will both
move in synchrony in order to maintain their relative posture,
and therefore not exert force on the object they are carrying.
Thus, they will act compliantly in their absolute task, but
remain stiff in their relative task. To achieve compliant absolute
behavior and stiff relative behavior, we combine joint-space
CMPs with the symmetric control approach used for bimanual
robot configurations. To reduce the necessary feedback reaction
of symmetric control, we further augment it by applying a
virtual force vector at the end-effector, calculated through the
measured external joint torques on the perturbed robot. Real-
world results on two Kuka LWR-4 robots in a bimanual setting
confirm the applicability of the approach.

I. INTRODUCTION

Due to high stiffness and position control to accom-
plish accurate execution of their given tasks, robots were
deemed hazardous to humans and unexpected objects in
their workspace and therefore confined to cages [1]. The
development of robotics has led to the notion of collabo-
rative robotics, where both the human and robot share their
workspace to accomplish a common task [2]. Collaborative
robotics spans beyond the factory work-floor to everyday
human environments, such as household, hospitals, etc., and
includes also bimanual and humanoid robots.

In shared workspaces the safety of the human is of
primary concern. One approach to ensure safety is through
the compliance of the robot. Compliance can be ensured
through contact detection, for example using an artificial
tactile skin [3]. Passive compliance can be achieved with
elastic elements, which can even be actively adapted, for
example with variable stiffness actuators [4]. Compliance can
also be achieved by implementing appropriate active torque
strategies, which rely on comparing the actual torques and
the required theoretical torques [5]. However, this requires
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Fig. 1. A person interacting with a compliant bimanual robot setup, where
the relative position between the robots is preserved.

the correct dynamic model of not only the robot, but also
of the task and task variation. Models of task dynamics are
often not available or are hard to obtain.

One way of mitigating the need to develop dynamical
models of tasks is to learn the specific required torques
for the given task with learning by imitation. These torques
are then applied for the repetition of the exact same task.
The framework of Compliant Movement Primitives (CMPs)
[6], applicable to robots with active torque control, utilizes
such an approach. The method was extended to generalize
between a set of learned situations in order to generate the
torques for a new task variation, i.e., a different load or
speed. Thus, a single robot was able to perform a variety of
task variations through direct joint-position and joint-torque
control, with low trajectory errors but compliantly in case
of external perturbations. In this paper we extend the CMP
framework by: (i) enabling the application to bimanual tasks,
where (ii) we maintain the relative task by integrating the
symmetric controller, and where (iii) we utilize virtual force
translation to preserve high compliancy of the overall system
in order to allow physical interaction with a human. An
example of such is depicted in Fig. 1.

A. Problem Statement

We investigate compliant control of a bimanual robotic
system without explicit dynamical models of the task. There-
fore the control of the bimanual system must enable:

e synchronous bimanual behavior with high relative

robot-robot position error rejection,

o compliant behavior of the bimanual system in case of

external perturbations, and

o low trajectory tracking errors when there are no pertur-

bations.
This must be achieved without explicit dynamical models,
but with the use of task-specific torques within the framework
of CMPs.
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B. Related Work

Related work can be separated into two distinct topics:
compliant control and bimanual tasks.

Compliant control typically relies on explicit dynamics
of the robot and the task [7]. However, besides the above-
mentioned CMPs, which are the core background of this
paper, similar approaches that rely on task-specific models
have emerged. For example in [8] tactile sensors were used
to determine the force of contact with the environment on the
iCub robot. This information was used to calculate the joint-
torques from the measured arm pose, and use them in a feed-
forward manner in control. Similarly, joint torques along
the kinematic trajectory were encoded as dynamic motion
primitives and used as the feed-forward signal to increase
the accuracy in the next execution of the in-contact task in
[9].

Bimanual control of robots can be either asymmetric or
symmetric. While the former controls each robot indepen-
dently, the latter considers both robots as a single system.
An example of an asymmetric control scheme using motion
primitives is described in [10], where the robots are coupled
through feed-forward signals learned in a few iterations
from force-feedback. However, the robots are stiff. A system
that combines bimanual robot operation based on dynamical
systems was presented in [11]. In the paper the motion of
robotic arms relies on a virtual object and is adapted for
coordinated bimanual receiving/intercepting an object. No
results on the accuracy of the relative task are reported.

On the other hand, a symmetric system can fully charac-
terize a cooperative operational space and allow the user to
specify the task in relative and absolute coordinates, resulting
in geometrically meaningful motion variables defined at
the position/orientation level [12]. An example of such is
[13], where a human-robot cooperation scheme for bimanual
robots was presented. Similar to our proposed algorithm,
it relies on separately defining the gains for absolute and
relative motion, however it does not allow for low trajectory
tracking errors when the absolute gains are set low. Other
physical human-robot interaction schemes were investigated
in the past, for example in [14]-[16].

In the next Section we introduce the CMP framework.
Section III gives the basics on the bimanual kinematics
and explains the complete controller. Applicability of the
approach is shown through results in Section IV. Various
aspects of the approach are discussed in Section V.

II. COMPLIANT MOVEMENT PRIMITIVES

The impedance controller used in the Kuka LWR-4 robot
[17] is defined by

7_:u = Kq((jd - 5) + Dq((jd - Zj) + .ﬁiynamic((z J, (j)a (])

where T, is the control torque vector sent to the actuators,
K, is a diagonal joint-stiffness matrix, ¢y and ¢ are vectors
of the desired and measured joint positions, respectively,
D, is a diagonal damping matrix, q?d and (; are the desired
and measured vectors of joint velocities, respectively, and
ﬁiynamic(@ d,q) represents the robot dynamics and all the

non-linearities occurring in the robot (inertia, Coriolis, fric-
tion, ...) [17].

The robot can be made compliant by lowering the stiffness
(K,), however, this also lowers the trajectory tracking capa-
bility of the robot. To compensate, feed-forward torques 7r ¢
are added to the motor torque to preserve trajectory tracking,
resulting in

7_—'u = Kq(q_'d—(y)—f—])q((fd_ 6)+,ﬁjynamiC(q_:q;7 §)+Fff (2)

Typically, feed-forward torques 7f; are calculated from an
explicit dynamical model. However, for specific, repeatable,
tasks, we can rely on specific torques to provide low tra-
jectory tracking errors. An example of such is the CMP
framework [6], which associates the desired kinematic be-
havior with the corresponding joint torques for a specific task
parameter. These corresponding joint torques are learned for
the specific case, and not generally applicable.

A CMP h(t) combines desired joint motion trajectories
(joint positions ¢;(t)) and corresponding joint torque signals
Trs (1) ~

h(t) = [qa(t), Ty s (1)]- 3)

Joint positions for all degrees-of-freedom (DOF) are obtained
from demonstration, for example through imitation, while
joint torques are recorded from a stiff execution. Note that
since. CMPs encode only task-specific torques, these are
gained by subtracting the known robot’s faynamic(4;q,q)
from the actual measured torques 7, at robots joints

7__‘ff =Tm — .ﬁlynamic(@, (77 @) @)

A short discussion on this is in Section V.

Joint positions are encoded as dynamic movement prim-
itives (DMPs) [18]. These consist of a nonlinear, second
order differential equation, with the nonlinear part, i.e., the
forcing term, composed of a combination of weighted kernel
functions. The corresponding torques are encoded as only a
combination of radial basis functions (RBFs). We again refer
the reader to [6] for details.

CMPs provide the reference trajectories and torque profiles
in joint space. However, the relation between the robots in
a bimanual task is in task space. Therefore, kinematic trans-
formations are needed. Bimanual kinematics is presented in
the next section. Note that when the robots are redundant
for the task and offer more than one solution, we need to
make sure that the robot is in the correct, desired posture. A
discussion on redundancy is provided in Section V.

III. SYMMETRIC ROBOT CONTROL

This section shows the basic kinematics of a bimanual
system.

A. Kinematic Control of a Bimanual System

The basic kinematic schematic of a bimanual system with
relevant coordinate frames is shown in Fig. 2. The coordinate
frames are labelled as X, where the subscript = stands for
one of the following options: w — world, ¢ — i-th robot tool-
center-point (TCP), ¢b — i-th robot base, abs — task’s absolute
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coordinate frame. Note that >, is the inertial coordinate
frame of the system. The relation between these coordinate
frames is given in the form of X 5, where X stands for either
the position vector p, or the rotation matrix R. The subscript
y denotes the self index, and the superscript Z is the index of
the coordinate frame in which X is described in. The robot
parameters that are described in its own coordinate frame
have no superscript.

The two most common approaches to bimanual control
are 1) asymmetric and 2) symmetric control. Asymmetric
control controls each robot or TCP independently of the
other, with synchronized trajectories [10]. For control in a
6 DOF bimanual task, each of the robots has to control its
TCP in 6 DOF.

Symmetric control, on the other hand, splits the desired
movement so that each robot does a part of the movement
[12]. In this case, the task description is separated into
absolute and relative motion. The absolute coordinates (6
DOF) describe the position and orientation of a common
coordinate frame of the robots in reference to the inertial
coordinate frame. However, the relative coordinates (6 DOF)
describe the position and orientation of one robot TCP
relative to the other. This is described by

—w 1 Sw —w
Paps = §(p1 +p2 )7 (5)
0
w _ gpept (%2
abs T Rl Rk%z ( 9 > ) (6)
ﬁ'ruél = ﬁéw - ﬁlw? (7)
R} = Ri. (8)

In (6), E}Q and 61, are, respectively, the unit vector and the
angle that realize the rotation described by Rj.
To achieve relative motion independent of the absolute

motion we use
—abs

Pret - (9)

w
abs

Sw o
Prer =

1b

Piv”

Fig. 2. Schematic of a bimanual system’s kinematics.
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By taking the time derivatives of (5) — (8) we gain

S 1 ow | sw
Pabs = 5(]71 +pZ )7 (10)
- w 1 —w - w
Wabs = 5(“’1 +d3"), (11)
e = Py - (12)
Dyl Wy — w1". (13)

Thus we can implement differential kinematics, which can be
applied for inverse kinematics calculation. For single robots
we have
i=1,2, (14)
where ﬁiw and & are the vectors of position and angular
velocity of the robot end-effector, respectively. ¢; is the
vector of angular velocities in joint space and J is the robot
Jacobian .

For the coupled bimanual system we combine (10) and
(11) with (14). We get

] = Yo (i, 3 [q-;l] 15
|:u_}(;il;s:| bs (41, G3) AR (15)
Japs = [3J1 1J] . (16)

Also, by combining (12) and (13) with (14), we can derive

[’-’fﬂ} =Jra (41, 63) M , (17)
Wrel q2
Jret = [0 J2] . (18)
Merging (15) and (17) results in
Habs | = J(di, ) {‘ﬂ (19)
prel q2
@y
where ]
abs
= . 20
J |:Jrel:| ( )

Thus we can iteratively calculate the inverse kinematics using
Ga =" (Vs + Ke), 21
where J' is the Moore-Penrose pseudo-inverse of the Jaco-
. . . T
bian matrix from (20). In 1) ¢ = [¢7 ]

T 71T .
of angular velocities, € = [e . eg;l] is the vector of task

is the vector

space errors, Uy = (U4 Uryg| 1S the vector of desired
task space velocities and K is a 12 x 12 diagonal gain matrix.
The error in absolute coordinates is calculated by

S S
Pabsd — Pabs

1 Sw o\ —w 2w\ Fw
gabs = 5 (S (nabs) Nabsd +S (Sabs) Sabsd+ (22)
+S (5;775) (_i;l)Jsd)

For the relative coordinates we have

The superscript % is omitted for clarity throughout the paper, but all J
(with all subscripts) are in w coordinate frame.



w  >abs w
Rabspreld —Pr

— 1 =1 -1 -1 =1
Crel = iRilu (S (nrel) Nreld +S (Srel) Sreld+ (23)
=1 -1
+S (a"rel) ar’eld)
Desired velocities are then
Sw
’Uabsd = |:z—?g£Sd:| (24)
w
absd
“ab ~ ~ab
Ureld = |: gbspraelsd + %gw%s) Z)bspﬂelfi] (25)
Wreld

where the subscript suffix d stands for desired, S(-) is the
skew-symmetric operator and 77,57, d; are, respectively,

the first, second and third column of a rotation matrix. i.e.
R’ = [ 57 al]
) ) :

7] 57 a;
B. Symmetric Bimanual Torque Controller

Now that we have defined the relevant kinematic variables,
we can use these to implement a symmetric bimanual torque
controller.

Instead of calculating the desired joint positions to control
the behavior of the robot, we calculate the joint torques using
an impedance controller. It is defined by

Foiman = I (KiZ+ D). 26)
Here K; and D; are 12 x 12 diagonal gain matrices for
stiffness and damping, respectively (6 DOF for the absolute
and 6 for the relative task) with gains k; ; or d; ;, @ =
1,2,...,12, respectively, on the diagonals. A low k¢ ; will
result in compliant behavior for task DOF ¢, which also
means that trajectory tracking in task DOF i results in high
errors.

The controller increases joint torques based on the error in
task space. Since the gains are decoupled for separate DOFs,
in case of low gains for the absolute DOFs, K, << Kie
the robot will be compliant in absolute space, but stiff in
relative space. However, it will also not be able to track the
desired trajectories in the absolute space. As described in
Section II, trajectory tracking is ensured through the task-
specific torques from of the CMP.

The drawback of this controller is that symmetric control
changes the torques of both manipulators. This means that
pushing on one robot will result in additional torques in both
robots, appearing in order to to neutralize the perturbation. A
push on a robot, for example from an unintentional collision,
will thus result in less compliant behavior of the bimanual
system. To increase the compliancy of the bimanual system,
we introduce also a virtual force translation.

C. Virtual Force Translation

Through the measurement of joint torques we can estimate
the end-effector force using the virtual work theorem. In a
general case it states

7= 27)
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In case of a perturbation on one robot, we can thus estimate
the end-effector force of one manipulator fle using (27). We
can now apply the same end-effector force through the joint
torques to the other robot. Thus we have

fie = fae- (28)
From (27) we get
- + T
=) = 29)
and substituting (29) into (28) we get
N AT
(1) A= (1) e (30)
from which we can derive
T
A= (A1) A, (31)
T
e = I (W) e (32)

It should be noted that only the virtual torques caused by the
perturbation should be translated to the other robot. These
are calculated by

Aﬁ = 7:'i_expected - 7_';_measured7 i = 1a 2. (33)
Substituting this into (31) and (32) we finally get
T
z () az
. Ty 1 2
nw{ﬁﬂz (34)
Tvft,2

35 (a0) " am

We can see in (34) that a perturbation on one robot results
in changed control torques on the other robot.

D. CMP-based Bimanual control

We now have all the necessary components to construct a
controller that satisfies our problem statement. Feed-forward
torques 7y, which we use in (2), are now composed of three
components

i
Tif2

The pre-recorded or learned task torque ;.. ensures trajec-
tory tracking. It is the direct output of the CMP. However, the
reference joint trajectories are calculated from the task-space
trajectories using (21). Again note that the inverse kinematics
solution needs to match the posture of the robot during the
demonstration.? In case of a redundant system we can use a
secondary task to maintain the posture

q;d = JT (Ud + Ké) + (I - JTJ) Ks(Q_'demo - (Tact)v

where I is an identity matrix, demo stands for the demon-
strated and act for the actual joint positions, with K, a
diagonal gain matrix.

The bimanual symmetric controller Thiman Maintains the
bimanual task. It is given with (26). To ensure that (26) does

Fff = |: :| = 7__;"ec + 7_—'bimaun - 7_—'Vft' (35)

2Even though our bimanual system had 14 active DOF, we only used a
12 DOF system in our experiments, locking the rotation of the 3rd axis on
both robots. Thus our system was not redundant for the task.



not act against (2), we set K; << K. In case of a redundant
system we can set K,ps << K, and put the posture of the
robot in the secondary task with

7_—‘biman - JT (Kt€+ Dtg)
T
+ (I - (JT) JT> Kleq(gdemo - CTact)

with Kg; a diagonal gain matrix.

The virtual force translation 7. reduces the necessary
feedback reaction of (26) and thus increases compliance of
the bimanual system. It is given with (34). Due to different
postures of the robot, the copied virtual force only partially
accounts for the perturbation, but still have a considerable
effect on the compliance of the complete bimanual system.

In the ideal example, when there is no perturbation and
no sensor noise, we can achieve the same behavior by only
using the pre-recorded or learned task torque Tic.

(36)

IV. RESULTS

Our experimental setup consisted of two Kuka LWR-4 7
DOF robots, as shown in Fig. 1. In our experiments we
locked the rotation of the 3rd axis on both robots. Thus
our system was not redundant for the task. The system was
controlled from Matlab at S00Hz. The robot was controlled
with (2), with the stiffness set to 25 Nm/rad for all the used
joints, which is even lower than what was used CMP tasks
on single robots in [6].

The task of the bimanual system was to perform a biman-
val trajectory while conforming to the task description as
given in Section I. The robots were each carrying a 2.5 kg
load. To emphasize the maintaining of the relative task,
they were not physically coupled through holding a common
object. In this experiment we controlled the relative position
of the system, while not controlling the relative orientation.

When there are no perturbations, as shown in Fig. 3, the
system follows both the absolute and the relative tasks, even
if we use only 7yy = Trec. However, if perturbations occur,
the system does not maintain the relative task, see Fig. 4.

102 Absolute error

LV f

%102 Relative error
T T T T T
—_——y z
ol A
£ ] . " Y
Zo ‘%‘MWMMWW
2 I I I I I I I |
0 5 10 15 20 25 30 35 40

t[s]

Fig. 3. Absolute (top) and relative errors when there is no perturbation to
the system.
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Fig. 4. Relative error (top) and end-effector perturbation (calculated from
measured joint torques) when using just 77¢ = Trec-
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Fig. 5. Absolute error (top), relative error (middle) and end-effector
perturbation (calculated from measured joint torques) when using 7y =
Trec + 7_:biman-

Including the symmetric bimanual torque controller 7y =
Trec + Thiman Will result in maintaining the relative task, but
in reduced compliance, as shown in Fig. 5.

Excluding the symmetric bimanual torque controller but
including the virtual force translation, Trf = Trcc — Tvits
as shown in Fig. 6, results in higher compliance, exhibited
in higher absolute error for a smaller perturbation. On the
other hand, the relative error is significantly higher than when
using the symmetric bimanual torque controller.

The complete controller, given by (35) is compliant in the
absolute task, but maintains low errors in the relative task
despite the high external perturbation forces. Thus it fully
complies with the given problem statement in Section I. The
results are shown in Fig. 7. The difference between including
or excluding the virtual force translation in 7 is seen also at
seconds 23 — 25 in the bottom plot of Fig. 7, where the right
robot did not include 7. Thus, a twice higher perturbation
resulted in a much lower absolute error, meaning that the
system was less compliant, when 7,¢ was not included.



TABLE 1
ABSOLUTE AND RELATIVE ERRORS AT MAXIMUM PERTURBATION AMPLITUDE.

T = Trec | T = Trec + Thiman | T& = Trec — Twft | Entire controller
Absolute error [m] / 0.0563 0.1516 0.0688
Relative error [m] 0.1629 0.0246 0.1433 0.0118
Perturbation [N] 27.6563 359163 21.4106 20.4994
Absolute error Ti. RIGHT
‘ : ‘ 30 ‘ ‘ ‘ :
_ oar /\ 1 ol [—1 rec biman Vit |
= 005 /\ VAN | g 10 i
N ———— v {W/v = L S—— <
-0.05 - ‘ ‘ ‘ ‘ ‘ ] 0 -
0 5 25 30 35 40 10 . . . . . . . .
Relative error 0 5 10 15 20 25 30 35 40
ts]
005
% Na——— /\/ %\/}\c:_\A Fig. 8. The feed-forward torque on the first joint of the right robot, and
° oosh ‘W f i separate components when using the complete controller, given by (35). See
the bottom plot of Fig. 7 for the perturbation.
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Fig. 6.  Absolute error (top), relative error (middle) and end-effector
perturbation (calculated from measured joint torques) when using 7y =
7_"rec - vat-
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Fig. 7.  Absolute error (top), relative error (middle) and end-effector
perturbation (calculated from measured joint torques) when using the
complete controller, given by (35).

The results in Table I show behavior of the system in
absolute and relative tasks for different combinations of 7,
whereas the complete controller was compliant and exhibited
the best error rejection for the relative task.

In Fig. 8 we can see the complete 7 ricuT and the
contributions of separate components for the first joint of the
right robot. We can see that 7y 1 and Thiman,1 are similar.
This means that when perturbing the left robot, we are not
fighting Thiman Of the right robot, because it only has to
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account for a much smaller relative error, which remains
due to different postures of the robots that make force-vector
copy inaccurate. We can also see that when there is no per-
turbation, the contribution of the bimanual symmetric torque
controller and of the virtual force translation is practically 0.
Trec,1 18 the learned feed-forward torque, and does not react
to perturbations.

Figure 9 shows a series of still photos showing the
bimanual execution and physical interaction of the bimanual
system with a person.

V. DISCUSSION AND CONCLUSION

We have shown how we can extend the CMP framework
to include bimanual task execution. The main advantage of
the method is that it allows execution of bimanual tasks
without dynamic models, where the robots will have low
trajectory tracking error, but exhibit compliant behavior with
maintaining the relative task in case of perturbations.

Even though the robots were not physically coupled
through holding a rigid object, we showed that the system
is compliant while maintaining the relative behavior of the
robots. While the presented approach is applicable for a
specific, pre-learned task, generalization has the potential to
extend it for a wider region. Generalization of the bimanual
CMP approach is part of our future work. Several other topics
of the approach offer different possibilities.

CMPs in essence provide only one, or through generaliza-
tion, a limited set of solutions. The question on whether it
is better to invest more into the derivation of the dynamical
model or simply learn the torque for a small set of task
parameters is very valid. Typically, the dynamics of the robot
can be calculated. Therefore CMPs only cover the dynamics
of the task. If the task can easily be modeled, there is no
advantage in using CMPs. The example with weights shown
in the accompanying video could easily have been modelled.
However, imagine a task that is very difficult to model, such
as lifting a soft object or even a person. There, the model
is difficult to obtain and there approaches such as CMPs are



Fig. 9. Still images of the bimanual system performing a compliant bimanual task, with a person perturbing the motion. This experiment is also shown

in the accompanying video.

useful. Furthermore, if the object/person between the robots
must not be pressed under any condition, bimanual CMP
control as proposed in this paper is the correct tool.

Since the system relies on task space coordinates, but
CMPs provide joint space trajectories, the mapping between
the two needs to allow only one solution. In our experiments
we made sure of that by locking one DOF of each robot,
thus gaining a 12 DOF system for a 12 DOF task. How-
ever, when the robots are redundant for the task, kinematic
mapping offers numerous solutions. Learning of torques for
all solutions is not viable, as there could literally be infinite.
As shown in Section III-D, maintaining the posture of the
robot can be achieved through the secondary task. However,
CMPs act more as an enabler for softer, compliant collisions
and as such as a safety mechanism. Once perturbed, a
dynamical motion (unlike quite static motion in the presented
experiments) will not return to the original trajectory, because
the torques will not align with kinematic variables anymore
until the end of the motion.

In the future we wish to, besides expanding the framework
with generalization, also reduce the effect of the bimanual
symmetric controller through modifying the virtual force
translation to account for the different postures of the two
robots.
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