Tactile Man—Robot Interaction for an Industrial
Service Robot

Steen Kristensen', Mathias Neumann?, Sven Horstmann', Frieder Lohnert!,
and Andreas Stopp'

! DaimlerChrysler Research and Technology, Cognition and Robotics Group
Alt-Moabit 96A, D-10559 Berlin, Germany
{steen.kristensen, sven.horstmann, frieder.lohnert,
andreas.stopp}@daimlerchrysler.com
2 Technische Universitéit Berlin
Institut fiir Technische Informatik
Franklinstrafle 28/29
D-10587 Berlin, Germany
mathiasn@cs.tu-berlin.de

Abstract. In this paper, research towards a cooperative robotic assis-
tant for manufacturing environments is presented. The aim of this re-
search is to develop a robotic assistant which can easily be instructed
how to either perform tasks autonomously or in cooperation with hu-
mans. Focus of this paper is on the tactile interaction between man and
robot which is used for teaching as well as for direct cooperation in tasks
jointly performed by worker and robot.

1 Introduction

In this paper we describe past and ongoing research efforts at DaimlerChrysler
Research and Technology’s Cognition and Robotics Group where over the last
years work has been conducted on human-friendly robots for space, office, and
factory automation.

A major goal of this work has been (and still is) to develop robots that can
assist, co-exist with, and be taught by humans. Therefore, apart from devel-
oping the “standard” mobile robot capabilities such as landmark recognition,
path planning, obstacle avoidance etc. our research effort has been aimed at the
development of learning capabilities that will allow the user to quickly and intu-
itively teach the robot new environments, new objects, new skills, and new tasks.
We believe this is the only viable way of creating robotic assistants that can be
flexible enough to function robustly in the very diverse habitats of humans and
thus be accepted as truly helpful devices. In this paper we present some of the
results of this work.

Current research is aimed towards improving the man-machine interaction by
adding more advanced communication and cognition capabilities. This has the
purpose of further simplifying the teaching of the robot but also to make it more
“cooperative” by having it interpret human commands and behaviour in the
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given context, allowing it to make better decisions about when, how, and where
to assist the human co-worker(s). An important criterion is, however, that the
robot can also perform tasks autonomously once instructed /taught by a human
worker. Additionally it should be able to learn incrementally, i.e. to improve its
performance during task execution by “passively” receiving or actively requesting
information (the latter could for example be in the case where the robot detects
ambiguities which it cannot autonomously resolve).

A typical scenario for a new robotic assistant in an industrial setting would
be:

— The robot is led through the factory halls and is shown important places
(stores, work stations, work cells etc.),

— the robot is shown relevant objects, e.g. tools, work pieces, and containers,

— the robot is shown how to dock by work cells, containers etc. in order to
perform the relevant manipulation tasks,

— the robot is taught how to grasp various objects and how (and possibly in
what sequence) to place them in corresponding containers or work cells,

— in case of a cooperation task, the robot is shown when and how to assist the
human worker.

For service robots in manufacturing it is important that the man-robot com-
munication channels are robust and unambiguous rather than high bandwidth
(in the information theoretic sense). The need for high robustness is motivated
by the fact that mistakes/misinterpretations on the side of the robot can have
severe consequences economically as well as for the safety of the human workers.
On the other hand are the environments typically more ordered and the range
of tasks more restricted as is the case for domestic service robots. This means
that robustness can partly be achieved through using a set of low bandwidth
channels. Tactile sensing using a force/torque sensor is an example of such a
channel with which a limited amount of information can robustly be conveyed
to the robot.

In Section 2 some more background in terms of related work and project spe-
cific constraints are outlined. In Sections 3—6 various methods for interaction and
cooperation based on force/torque sensing are presented. Finally in Section 7,
the results are discussed and summarised.

2 Background

In previous work [1], we have described how we can interactively teach new
environments in a quick and robust manner. The environment models are rep-
resented as topological graphs [2,3] well-known from various mobile robot ap-
plications [4-7]. The topological graphs we use are extended with metric and
symbolic information about objects such as work stations and places such as
rooms or stores. An example of a model is shown in Figure 1.

In general, the world model can be said to contain elements which are rel-
atively static over longer time spans. This has the obvious advantage that the
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Fig. 1. World model taught by leading the robot through a previously unvisited office
environment. Grid size is 1 meter. The thick lines and the circles they are connecting is
the basic topological graph. The thin lines are the walls, the black bars are the doors.
The squares represent special objects, such as work stations, which are modelled in 3D.

model only needs to be occasionally updated. Furthermore, the symbolic nature
of the model means that it forms a good basis for planning of high level mis-
sions like “fetch object A in store room 12”. However, this kind of model does
not form a sufficient basis for planning and executing detailed manipulation and
cooperation tasks. For this purpose we have developed a number of sensor-based
skills which allows the user to interact with the robot for controlling the posture
of the robot, for handing over objects, and for interactively teaching the robot
how to grasp and manipulate objects.

The robot, Clever, we use for the development of various iteraction schemes
is shown in Figure 2. Clever can be seen as a technology demonstrator which
serves as the basis for later “real” industrial service robots which will be able to
carry and manipulate heavier loads.

On Clever, a force/torque sensor is mounted in the wrist of the manipulator,
i.e. between the arm and the gripper. This has the advantage that the same
sensor can be used for sensor based cooperation, manupulation and for compliant
motion, where the user “takes the robot by the hand” which we have found to
be an intuitive and straightforward way for humans to interact with the robot.

The drawback of using only one sensor is that the force/torque measurement
system cannot distinguish between the user induced forces and torques and those
resulting from the payload of the manipulator. In service robots for domestic use
where the payloads are typically light (mass < 1kg) the user may well be able
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Fig. 2. The robot “Clever” used in the experiments. The robot consists of a differential
drive platform equipped with a 7-DOF Amtec manipulator and a Sick lidar plus a set
of colour CCD cameras mounted on a pan/tilt unit. The arm is equipped with a
force/torque sensor between the wrist and the gripper, which is a standard parallel jaw
gripper with force sensors in the “fingers”.

to compensate for the load of the work piece when guiding the robot using com-
pliant motion. For an industrial service robot, potentially carrying significantly
heavier weights, this is not an option, though. Therefore it is necessary for the
robot to be able to distinguish between user and payload induced forces and
torques. How we do this is outlined in Section 3.

The mobile manipulator as a whole has nine degrees of freedom. Therefore
the problem of redundancy has to be solved, i.e. a method is needed to determine
the posture of the mobile manipulator. Often mobile manipulators are modelled
as one kinematic chain. But the used nonholonomic mobile platform has a slower
response to movement commands than the manipulator. We expect this to be
characteristic of all industrial service robots which will tend to have heavy plat-
forms which it is not possible nor sensible to control at high command rates. In
Section 4 an approach to force guidance is presented which takes the different
character of both subsystems into account [8].

The special problem of force guidance is that the direction of the movement
is actually controlled by the operator without the robot knowing what the ac-
tual purpose of the movement is. This means that the trajectories cannot be
attuned to the task. Therefore the control algorithm as described in Section 4
tends to result in the platform following the tool in a quite sub-optimal manner.
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Situations where the platform gets in the way of itself are possible. In particular,
the used nonholonomic platform makes it difficult to change the position to one
parallel to the forward direction of the robot, causing for example shunting to
be quite time-consuming.

In order to solve this problem in a pragmatic way, the raw force/torque signal
from the FTS is surveyed. The operator should be enabled to control both: tool
location and posture of the mobile manipulator. An approach to implement a
system for this purpose is presented in Section 4.5.

3 Calibration of the Force/Torque Measurement System

As argued above, it is necessary to be able to on-line (re-)calibrate the force/torque
measurement system to account for any payload held in the gripper when moving
the manipulator using compliant motion.

If the robot carries a (rigid) workpiece the payload induced force/torques are
nearly constant! for a fixed orientation of the TCP. However, when the orienta-
tion of the TCP is changed as a result of a user giuding the arm using compliant
motion, the forces and torques caused by the gripper and the payload change.
To compensate for those effects it is necessary to know the mass and the vector
to the center of gravity (rlative to the FTS) of the combined gripper/payload
object. Having such a model, it is possible to calculate the forces and torques
induced by the gripper/payload for any given TCP orientation and thus to de-
termine the forces and torques applied externally to the manipulator.

how do we calibrate.....?7

This approach has been shown to work well for slow movements (where cen-
trifugal forces can be ignored) like force guidance initiated by humans.

4 Coordination of the Manipulator and the Mobile
Platform

Clever’s manipulator can change its position freely as desired in the range limited
by its working space. Due to this and to the slower and kinematically more con-
straint performance of the platform it appears reasonable that the force/torque
guided motion is performed mainly relative to the platform by moving the tool
center point (TCP).

4.1 Force/Torque Guided Motion of the Manipulator

Usual force guidance is implemented in the way that the velocity of the tool
is a linear function of forces F(t) = (Fy(t), Fy(t), F,(t))" and torques M (t) =
T
(M (t), My(t), M,(t)) " [9]-
However, the used manipulator arm cannot be controlled by velocities. In-
stead the goal configuration and a time interval that results from the control

L If the platform moves with accelerations which are small compared to gravity.
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rate f. are used to control the arm in position mode. Furthermore the noisy
sensor signal requires filtering to ensure that only reasonable large signals are
taken into account.

The following non-linear function is proposed:

. (1— Fmax )
sign(Fx(t)) e~ TP

. (1_ Fmax ) 1
sign(Fy(t)) e Ty (1)

1 P'Umax
¢ sign(F,(t)) e~ )

P’l“(t + f_) =P’l“(t) + T

The desired position Fr of the tool at time t + fi is reached from the current

position at time ¢ in compliance with 0 < |Fy y ()| < Fmax- Pumax specifies the
maximal permitted translation velocity of the tool with respect to the platform
frame.

The desired orientation PAr at time ¢ + J}—c can be described by:

1
PAR(t + f_) = Rxvyz ('wx;wya w,) PAR(t) (2)
C
Where Rxvyz is a matrix representing the rotations of the TCP around the axes
of the platform frame. The three rotation angles are defined as:

. Mmax
Wy = o sign(Myy o(t)) el st 3)

fe

0 < |My,y2(t)| < Mpax has to hold and Pomax specifies the maximal permitted
rotation velocity of the tool with respect to the platform frame.

4.2 Compensation of Platform Movements

The platform as the second subsystem is able to move simultaneously and in-
dependently. But the tool should only be moved with respect to the fixed world
frame according to the forces applied to the FTS. Therefore the manipulator has
to compensate the movements of the platform.

Let Wp(t) = (Wpx(t),Vpy (t), Vo (t))T denote the position (a reference point
in the center, Figure 3) and the orientation of the platform with respect to the
world frame. Wp(t) is known from the platform’s odometry sensing.

The transformation

Wo(t — %) Py () cos(Vpy (t - %)) Py (£) sin(Vpo (t — fl» -
Wpk (t) + (Fre(t) +F Ary) cos(Wpy(t)) — (Fry () +F Ary) sin(Vpy (2))
W (t — %) P (1) sin(Wpg (¢ — %)) +Pr (8) cos(Wpg (¢ — %)) =

Wpy (t) + (Pre(t) +F Ary) Sin(wp¢(t)) + (Pry (t) +F Ary) cos(wp¢(t))
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Fig. 3. The mobile manipulator and its reference points. Vp is the reference point of
the platform between the wheels (black areas) and *r is the reference point of the arm
at the end of the tool (TCP). Orientation is given by the angle about the x-axis of the
fixed world frame and the driving direction (arrow).

of the current x-y-coordinates of the tool with respect to the platform into the
world frame on the basis of the current and the last configuration of the platform
results in the offsets

PAr, = -Pr, (t)

+71u(6)cos(“pat) —pat = 1)
+7 130 sn(Yp(t) " po(t = £)) ©

(= (t) +V pyt - fi)) cos(“ps (1))

C

+ (=Y (1) + W py (£ fi)) sin(Wpy (1))

C

PAry = _PTy (t)

—Pre(t) sin(Wpg (t) =W pgs(t — l))

7o
+713(6) cos(“pa(t) =" pi(t = ) )
+ (pa(t) =Y pi(t — ) sin(Vpy ()

7.
+ (=Y, (1) +V py (¢ - fl)) cos(“ps (1))
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for moving in the x-y-plane and

1
Aw, =" py(t) =V po(t — ) (8)
Je
for rotating around the z-axis of the world. These offsets have to be added in
equations 1 and 2.

4.3 Preferred Configurations of the Manipulator

Based on the computed target position r(t+ fi) and the associated configuration

it is possible to determine a preferred configuration close to r(t + fl) which
provides more manipulability [10]. To reach this configuration the mobility of
the platform should be used without moving the tool with respect to the world

frame.

G

Fig. 4. The preferred point Tr . is fixed relatively to the platform. The platform has
to move to match Frp .o with Wr.

The mobile platform is able to move only in the x-y-plane of the world which
is parallel to the x-y-plane of the platform frame. Therefore a new position of

the tool
P, 1
Tpref x(t + f_)>
k) c 9

(Prpref,y(t + i) ©)

can be found with respect to the platform which yields a more favourable con-
figuration of the manipulator (Figure 4). The z-coordinate and the orientation
in the world frame must be constant.
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4.4 Closed Loop Platform Controller

The only task of the platform is to move in the next interval so that the arm
will be able to take on its preferred configuration [11].

The used nonholonomic mobile platform has the following decoupling matrix
& which describes the correlation between the velocities of the preferred point
in work space and in configuration space.

30 = (BP0 2000 (10)

P @21 (Vp(t)) Boz(Vp(t))
&1, (Vp(1) =c ( 6(1))
15 ("p()) = P rprar(t + fi) sin(Wps (£)) —F rpeet,y (t + fi) cos(Wpy (1))
W C C (11)
21 (Vp(1)) =sin(Vps (t))
D25 (VP (1)) ="rpretx(t + } ) c08(Vp (1) = Fpret,y (t + fl) sin(Wps (£))
With the transformation
W'rpref x(t + ; ) pr (t)
+Prp,ef,x(t + fl) cos(Wp¢, (1))
P ety (£ =) sin(Vpg (1))
f 12)
1
errefyy(t + f_) :Wpy(t)
P et alt + fi) sin(Vpo (1))
P et g (£ + fi) cos(“ps (1))
and the gain gp the control vector
(s = 7 vt (13)
with
(e (M ) V(e + L) ”

Wiy + gp (Wry(t+ ) —Vrprery (t + + ))

can be computed considering the desired velocity of the tool.
In the next step the arm has to compensate this movement as mentioned
above.



10 Steen Kristensen et al.

4.5 Controlling the Posture According to the User’s Intention

The solution of the redundancy problem depends on the desired task which is
determined by the operator. Therefore the user’s intention has to be predicted.

The following situation might occur: The tool is at the desired location in
the world. However, the platform has the wrong orientation (not to the purpose
of the user’s intention). It should move sideways to turn around the tool.

Corresponding forces and torques can be applied by the user but the machine
moves only the tool because of the force guidance algorithm as mentioned above.
The user’s intention is not regarded.

Inspired by the way humans are moving large objects on a surface with
friction the following approach has been developed.

Fig. 5. Two possible cases to move large objects with one hand on a frictional surface.

Consider the bar in Figure 5. In the case of turning it around the grasp
point (Figures 5b and 6b) the ratio of the force and the torque is easily to be
distinguished from that of the rotation about the opposite point (Figures 5a and
6a).

If the bar is representing the mobile manipulator, then the movement, as
shown at Figure 5a, is equivalent to the known mode of force guidance. In case
of Figure 5b a new mode is defined leading to sideways movements.

It is quite obvious from Figure 6 that only Fy, and M, are important for mov-
ing sideways. The ratio of both signals decides on the desired mode of motion.

Figure 7 shows the regions which can be characterized as modes of moving.
The gray shaded regions correspond to the cases 6b and 6d and will lead to
changes of the posture. Selecting the ranges it has to be ensured that displace-
ment along the y-axis (dashed ellipse) and orientation change of the tool around
the z-axis (scored ellipse) remain possible. The modes shown in Figure 6a and 6¢
have to be allowed too. These regions of pairs of (Fy, M,) are called force/torque
symbols of modes of movement.

The expression

—arctan(o(Fy (t) M, (t) — ¢€))

K= +
™

(15)

N | =
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Fig. 6. Possibilities to apply significant values of force and torque to the tool.

determines the membership of a measured pair of (Fy, M,) to the gray shaded
regions of Figure 7. p specifies the smoothness and ¢ specifies the threshold of
the regions. The values for ¢ and € have been determined empirically.

4.6 Moving the Virtual Preferred Point

As described above, forces and torques induced by the operator may be inter-
preted as intention to move sideways (gray shaded regions in Figure 7). But
performing sideways movements imply complicated manoeuvres because of the
nonholonomic constraints. A sufficiently fast reaction of the platform is not fea-
sible.

Rather, the force component is used to gain experience with this way of
operation, in order to overlay the preferred point (9) with a supplementary offset
PArpret y- This offset is computed iteratively by

P 1 P . (1— Zmax.)
Arpret,y(t + f—) =" Arpref,y(t) + K h sign(Fy(t)) et @) (16)
(¢}
That does in itself not change the position of the platform but the changed
orientation enables another shunting behaviour.

The relation of force, moment and velocity of the preferred point displace-
ment is quite complex and can thus be difficult to handle by the operator. There-
fore the factor h has to be carefully determined which we have done experimen-
tally.

The offset PArper,y has to be integrated in the platform controller as de-
scribed in Section 4.4. The force guided movement of the tool (Section 4.1) has
to be scaled by 1 — k respectively.

Of course, this method makes it impossible for the system to change the
orientation and position of the tool independently and freely. But mostly such
movements can be emulated in two steps.

Which steps?.......
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Fig. 7. Regions of force-moments pairs (Fy, M,). Each area represents a simple mode
of moving.

4.7 Experiments

A good example to show the advantages of the proposed method is to try to
achieve a sideways displacement by moving on a zigzag course. This manoeuvre
is expected to be used frequently when humans cooperate with robotic assistants.

For the experiments, the system shown in Figure 2 was used.

A simplified control architecture, as shown in Figure 8, was used. Due to the
communication structure and driver software the control rate is limited to 4Hz.

To demonstrate the functionality, the mobility of the arm was limited to that
of the platform (x-y-plane). W7 was set to 0 and gp was set to 1 because slow
motion was tried first. p was set to 1 and € to —50N?m (determined experimen-
tally).

Figure 9 and Figure 10 show roughly the same movement of the platform. The
starting points are equivalent to the situation shown in Figure 3. In the second
case the operator had the possibility to displace the preferred point. It can be
seen that in order to achieve a greater sideways displacement of the platform, a
smaller movement of the tool is required.

5 Teaching of Arm Movements

For teaching the arm movements necessary to perform manipulation tasks we
have pursued two directions; teaching via a graphical user interface and teach-
ing by directly moving the arm around using compliant motion. Normally, the
“crude” movements are taught using the GUI while finer movements are better
taught by directly moving the arm to the desired position and orientation.
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Fig. 8. Simplified block diagram of the controller. Both (platform and arm) controllers
and the relations between them are shown.

In order to be able to generalise grasping and manipulation movements to
cases, where the objects and/or positions to place them are different from when
they were taught, the movements are recorded relative to the objects and not
relative to the robot’s frame of reference. This means that initially the object of
interest has to be located with respect to the robot.

For the recognition and localisation of objects not easily describable with
geometric primitives we use the iterative closest point (ICP) algorithm [12]. This
has the advantage that object models can be generated simply by scanning the
object with a laser range finder and cutting out the relevant part of the resulting
3D point cloud. The algorithm iteratively seeks to match model points to scene
points (using a nearest neighbour metric) and—based on this match—to register
the model and the scene objects. When the iteration has converged we compare
the mean square error between scene and model points, and if this is below a
given threshold, we assume the scene object to be of the same type as the model
object and that these furthermore coincide. Due to its simplicity, the algorithm
works rather quickly, but due to the fact that it is basically a gradient descent,
it has problems with local minima. However, for scenes where foreground and
background can easily be segmented, it has been shown to work well. In Figure 11
an example of the localisation of a workpiece on a table is shown.

Knowing the pose of the object relative to the robot, it is straightforward
to transform and store the arm movements performed by the user in a teach-
ing “run” in object centered coordinates. Thus, when the robot operates au-
tonomously, it can transform the taught trajectories according to the given cur-
rent pose of the object and so perform the manipulation at this new, relative
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Fig. 9. Positions of the platform (Wp(t)) and the tool (Wr(t)) when moving without
changing the preferred point (classical force guided motion).

0.6 W7 .
o4
-
04 i —
fomend
£ 02} f -
> l
{
0.0 |- | \ .
‘ Yp(t) —
_02 — W’f‘(t) .
| | | | |
0.0 0.2 0.4 0.6 0.8
z [m]

Fig. 10. Positions of the platform and the tool by shunting the robot with the special
meaning of the force/torque signal.
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Fig. 11. Example of the localisation of an object on a table. The scene consisting of a
table with 3 cups on it (see Figure 77 for an image of a similar scene) has been scanned
by the robot’s laser range finder resulting in the 3D point cloud in the right half of the
image. The ICP algorithm has converged to the cup in the middle (the lighter model
points cover the darker scene points). On the basis of this localisation it is calculated
how to grasp the cup which is shown in the display as feedback to the user.

position. We have demonstrated the validity of this method with various tasks
such as picking up workpieces and placing them into workstations.

We are currently investigating how to generalise taught grasping trajectories
to different classes of objects. Also we are developing methods for interactively
extending and improving already existing trajectories.

6 Handing Over Objects

Finally, we would like to present an example of a simple skill showing how tactile
sensing combined with acoustic feedback (i.e. two low bandwidth channels) can
be combined to acheive a very useful and robust functionality for man-robot
interaction.

The straightest and simplest way of man-robot cooperation is to deliver a
workpiece to a worker by the robot. That means that the manipulator presents
the load so that it can be easily taken by a human if the gripper of the manip-
ulator is releasing it. For domestic applications with leight objects, an object
can simply be released when the user signals that he/she has taken hold of it
(f.ex. using speech input or by shaking the object a little). The problem in an
industrial context, where objects up to a weight of 10 kg can be handeled, is that
the human cannot sense the weight of the object until it is released by the robot.
If the object is heavier than expected, this may lead to the human dropping it,
possibly causing injury.

To ensure that such acidents are avoided, we have implemented a skill that
makes the robot release the object only when the user already supports its full
weight. Knowing the weight of the gripper and the object from calibration this is
easy to measure using the force/torque sensor. As feedback to the user, signalling
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if he/she has to lift more or less, a tone is produced which height increases until
a certain level at which two short tone pulses a generated, indicating that the
user is now supporting the full weight of the object. The robot then waits a short
period, and if the weight is still supported by the user, the gripper is opened.

Albeit extremely simple (or maybe exactly because of that), this skill has
proven to be intuitively easy to understand and thus very useful in our cooper-
ation experiments.

7 Discussion and Conclusion

In this paper, we have described research done for a service robot for manufac-
turing at DaimlerChrysler Research and Technology.

In particular, we presented methods developed for tactile interaction for co-
operation and for teaching the robot manipulation skills and trajectories using
a single wrist mounted force/torque sensor.

First we outlined how we on-line calibrate the payload of the manipulator
which enables the user to teach and cooperate using compliant motion even when
the robot is carrying a heavy object in its gripper.

Second we presented results from current research on extending “classical”
methods for coordinated arm/platform movements with methods for the esti-
mation of the user’s intentions. Knowing these intentions will allow the robot to
better determine how to move as a result of the forces and torques induced by
the user, thus making the cooperation faster, less straining, and more intuitive
for the user. First results from shunting experiments were presented. However,
more work is required on how to define preferred configurations and how to select
one if several exist. Furthermore we will investigate to what extent force/torque
“symbols” can be used to initiate manoeuvres possibly in combination with other
communication channels such as speech and vision.

Then we outlined how we teach various manipulation trajectories in a sensoric
context, allowing for generalisation to cases where objects’ poses and/or the
positions to place those vary.

Finally, as an example of a simple but very efficient and robust cooperation
skill, we presented a method using acoustic feedback to ensure that the worker is
not surprised and thus injured by the weight of a workpiece when this is handed
over by the robot.

We would like to emphasize the fact that the presented methods are devel-
oped in the context of a larger system which is used as a research platform for
human-robot interaction in the manufacturing process. This provides us with
a unique opportunity to test and evaluate these techniques togehter with other
learning and interaction methods (based on speech, vision, and laser sensors).
The lesson we have learned so far is—maybe not surprisingly—that a combina-
tion of simple, robust and partly redundant interaction mechanisms leads to a
safer and faster to learn interaction than do more sofisticated methods based on
a single sensor. Therefore we will continue to explore such systems since safety
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and ease of use (which also has a positive effect on safety) are of paramount im-
portance in manufacturing where on the other hand the cost of adding another
sensor is not as critical as for robots aimed at the mass consumer market.
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