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Abstract

This paper addresses the issue of collision avoidance in unknown or partially modeled
environments using a capacitive sensor. An eight channel capacitance-based sensor system
which can detect obstacles up to 400 mm (16 inches) away has been developed. This sensor
can detect both conductive and non-conductive obstacles of arbitrary color and shape. The
sensor hardware is reliable and inexpensive, and it may be fabricated using flexible printed
circuit boards to provide whole-arm and joint protection for any robot or manipulator.
Simple collision avoidance control algorithms have been implemented on a two-link robot
arm. The sensor and control system enable the robot arm to avoid a conductive post and
a concrete block.

Introduction

Much of the current robotics effort at the US Department of Energy is directed toward
remote processing of hazardous waste. Some of this waste threatens the environment,
requiring that active steps be taken to stabilize, detoxify, or repackage the material. An
important tenet of suitable waste handling schemes is that the act ot processing the waste
must create no additional hazards and do no damage to the containment structure. For
example, in one application a 40 foot robot manipulator processing waste inside i closed
vessel must not be allowed to puncture the tank wall or to bend ve rtical thermocouple trees
which are present throughout the vessel.

One technique of preventing collisions, especially along the length of a robot link. involves
the use of proximity sensors located such that the active regions encompass the entire robor
surface [1, 2, 3]. Additionally, since it is desirable to continue purposeful motion in the
presence of obstacles, the sensor system must be able to deliver spatially-resolved proxinity
data which reflects the distance to the obstacle, as well as the location along the robortand
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corresponding robot surtace normal. This vector information may then be used to modity
trajectories to permit (if possible) continued progress toward the tinal destination.

Useful algorithms exist for perturbing trajectories based upon encountered obstacles.
Lumelsky and Cheung [4] compute the plane tangent to an obstacle sensed by infrared
photodetectors and then restrict the robot motion to this plane. Tilove [5] surveys the
various local methods using artificial potentials to avoid collisions. These include the notion
of a generalized potential field [6], in which the perturbing force depends on thc velocity as
well as the position. All of these techniques are independent of the type of sensor used.

Capacitive proximity sensors

Capacitance-based proximity sensing for collision avoidance offers many advantages. The
distribution of the electric field allows broad coverage of a robot without large numbers of
sensors. Changes in the electric field due to obstacles are sensed instantaneously, unlike
sonar-based systems which require listenirg for a return echo. Additionally, the capacitancr
measurement is .nsensitive to the color, texture, and surface of an approaching obstacle,
unlike sonar and infrared sensor systems. Capacitive sensors are inherently simple.
consisting of two conductive plates with minimal supporting electronics located near th

sensing site. This greatly increases sensor reliability, which is an important consideration ir:
hazardous environments with extremes of temperature, radiation, and corrosives.

Capacitance-based proximit: sersors may be divided into two classes based on whether .
not the obstacle forms one plate of capacitive senscr. The most common capacitive sensors
consist of a single plate on the sensor itself and use the obstacle as the second capacitor
plate. This configuration works well in environments in which obstacles are nearby.
conductive and electrically grounded [2]. However, parasitic capacitances to ground are
problematic and require the use of driven-guard shielding techniques which add to the
complexity of the electronics located near the sensor.

The WHole Arm Proximity (WHAP) sensor described in this paper falls into the second
class of capacitive sensors. The WHAP sensor uses two plates on a single substrate to
generate and measure changes in an electric field. Conductive or diclectric obstacles disturb
the electric field through a shielding effect and alter the measured capacitance. Siace the
electric field between the two plates is well-defined by the conductor arrangement, it is
possible to reconstruct the obstacle surface and range more accurately. No active shielding
is required, and this type of sepsor is insensitive to the electrical potential of the obstacle.
This feature becomes particularly important in outdoor or space environments without the
ubiquitous capacitive coupling to the power distribution system.

[r this paper. preliminary tesults of experiments with the WHAP sensor are presented.
First. a 2D finite element modei is developed to aid in designing sensors to meet specitic
specifications. Details of calculating mutual capacitunces umong muluple conductors are
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provided. Experimental data trom four different sensor designs is then compared to the
model predictions.  Finallv, eight sensor elements are used on a two-link robot to
demonstrate a straightforward technique for avoiding collisions with conductive and non-
conductive obstacles such as metal poles and concrete.

Theory

A schematic 2D model of the WHAP sensor is given in Figure 1. Electrode 1 is driven by
an oscillator, while electrode 2 is connected to an amplifier for sensing capacitor charge.
For a fixed oscillator drive voltage, this charge output signai, V,, is proportional to the sensor
capacitance. The sensor capacitance is altered by the presence of obstacles within the
electric field. Under the assumption that the wavelength of the oscillator is much larger
‘than the dimensions of the sensor, the analysis becomes an electrostatic problem containing
two conductive electrodes and obstacles of unknown composition. In this paper only
conductive obstacles will be considered in the sensor analyses, although nonconductive
obstacles can be sensed and will be considered in future work.

The obstacle 1s assumed to be a conductive plate oriented parallel to the sensor (3 in
Figure 1) . This assumption is reasonable for collision avoidance purposes if the WHAP
sensor is much smaller than the obstacle and the obstacle is relatively tar away. This model
with the three capacitances and one impedance of concern is given in Figure 1. The charge
amplifier configuration of the WHAP circuitry (discussed later) senses changes only in Cs.
so the problem consists of relating the obstacle geometry to this capacitance. In the present
paper, we will use finite element analyses (FEA) to calculate the variation of C;, with
distance. d, for four different sensor geometries. Analytic expressions for calculating C,; and
C,; were developed by Getsinger [7] and Cohn [§], and an approximate expression tor C,
was developed by Novak [9]. However, these expressions are useful only tor flat, conductive.
and greunded (Z,,.; = 0) obstacles. The FEA technique described here will permit more
general analysis of sensor response to nonconductive or poorly grounded obstacles. as well
as obstacles of arbitrary shapes.

Capacitances in the model may be calculated trom electric field intensities. For the two-
dimensional system, the charge, Q, on a conductor may be written as

Q = faE-ds , o
S

where E is the electric field vector, and S is a surface completely enclosing the conductors,
In the 2D model considered here, the surface S reduces to a continuous piath around the
conductor.
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The electric field intensities in the model were caleulated using FEA - techniques. The
WHAP sensor was modeled by defining a geometry and creating a mesh ot nodes which
subdivide the geometry into elements. Matrix equations for the voltages at the nodes can
be generated based upon the geometry, boundary conditions (voltages on conductors), and
material properties (conductivity and dielectric constant). Electric field intensities at each
node are then calculated from these voltages. An integration path cutting through all the
field lines emanating from a conductor was specified, and the charge calculated using a
discretized version of (1).

The charge on each conductor is atfected by both of the other conductors presen. n the
electrostatic field, however. Only a portion of the charge on electrodes 1 and 2 is due to the
mutual capacitance, C,,, between electrodes 1 and 2. The component ot charge on
electrodes 1 and 2 due to only C;, may be calculated using the general relationship between
the charges and voltages of conductors in an electrostatic field [10] of the form

Q, Ci1 Cyp Ci3] |W4

_ 12)
Qo = (€ Cop Ca|X{ Vol
Qs C31 C3p Ca3) V3

where Q and V are a I x 3 vectors of the charges and potentials of the three conductors, ¢;
is defined as the capacity of conductor i, and ¢,; i+, are the coefticients of induction. The
capacity and the coetticients of induction are functions of the size, shape, and position of the
conductors and the dielectric properties of the intervening space. The charge on a given
conductor is thus a scaled, linear combination of all conductor voltages. Furthermore, the
mutual capacitance between conductors 1 and 2. is related to the coefficient of induction
through

Cip = =Cyp = ~Cyy

At this point one may observe that it the FEA simulations are performed by specityving
boundary condition of "= [ 1 9 0 |'. the mutual capacitance of the WHAP sensor may be
determined by negating the charge on conductor 2.
the results in the following section.

This technique was used for generating

Modeline Results

The data below were calculated using COSMOS™/M v1.61 finite element analysis software
[SRAC. Santa Monica, CA, USA] running on a Sun /330 workstation. A two-dimensional



model of a WHAP sensor was developed and evaluated for various clectrode spucing and
obstacle heights.

Four different sensor geometries were simulated. The electrode width, w, was fixed at 15
mm while the gap, s, was set to 3, 38, 73, and 108 mm, respectively. The distance, d, from
the two sensor electrodes to the conductive workpiece was varied from 10 to 600 mm.

The accuracy of the model was veritied by comparing the simulation results for the no-

obstacle situation (distance = ) with the capacitance value, Cy, given by Binns {11] as

c-XB where k= S (4)
K'(k) 2w+s

and K is the complete elliptic integral of the first kind and K~ is its complement.

These results for the no-obstacle case are tabulated in Table [. The same mesh was usew
for all four sensor simulations; thus the modeling error increases with decreasing gap size,
due to the higher voltage gradients and a correspondingly inaccurate mesh.

Table I. No obstacle two-dimensional WHAP capacitances
Sensor electrode width = 15 mm

Binns(Eq.4)

The simulation results are plotted in Figure 2. All four curves rise asymptotically toward the
value given in Table [ above. In addition, tor distances greater than about 123 mm. the
slopes of all four curves are approximately equal. This suggests that gap variations will not
signiticantly atfect the long-distance obstacle sensitivity.

The curves corresponding to the smaller gaps, 3 and 38 mm, exhibit @ marked increase m
slope as the obstacle comes nearer. This effect s most pronounced tor obstacle distances
less than about 125 mm.  This increase in sensitivity of the SWHAP sensor for nearby



obstacles is used later to enhance avoidance trajectory perturbations for preventing imminent
collisions.

Experimental Methods

The prototype WHAP sensor was fabricated using a three layer printed circuit board. The
bottom layer was used for power and drive signals. The top layer contained the charge
amplifier components (an op-amp, one resistor, and one capacitor as in Figure 1) and the
middle layer was grounded for isolation. The 15 by 8 mm sensor pads were arranged as in
Figure 3. Only the charge amplifier integrated circuits (LF347) needed to be on the sensor
board. As mentioned earlier, no driven guard is necessary in this design since the charge
amplifier configuration is insensitive to parasitic capacitances to ground. By varying the
connections to the driving oscillators and charge amplifiers, it was possible to vary the
effective spacing of the sensor electrodes to achieve arrays of either eight sensors with 3 mm
gaps or four sensors with gaps of 3, 38, 74, and 108 mm. The connections for eight 3 mm
cap sensors are given in Figure 3. For the robot application described below, two eight-
sensor arrays were used (one on each link) but data was only acquired from every other
sensor. The electiical connections were varied to create the four sensors with different
geometries discussed below.

Two frequencies were used to efficiently encode data from two sensors onto a single signal
channel through a charge amplifier (top of Figure 3). The output signal from charge
amplifier 0 consisted of the sum of sinusoids at f, and f,. In these experiments f; = 100 kHz
and f, = 153 kHz, although these values are not critical. The f; component was amplitude
modulated by obstacles in the electric field in the leftmost gap. The f; component was
similarly modulated by changes in the electric field in the neighboring gap. This pattern
repeats for the remaining sensors.

Synchronous detection circuitry was used to measure the amplitude of the corresponding
frequency component in the charge amplifier output. These circuits provided an extremely
low noise signal output by phase- and frequency-locking onto the input drive signal. Because
of this, no shielding was required on the signal leads. Only the cables leading to the drive
electrodes must be shielded to minimize parasitic coupling to the charge amplifier inputs.

A large fraction of the output signal from the svnchronous detector was due to the electric
ficld within the dielectric substrate of the printed circuit board between sensor electrodes.
A DC offset was subtracted from this signal prior to the final stage of amplification. The
resulting analog signal was digitized using a 12-bit A/D converter.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark.
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
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LExperimental Results

The overall gain of the synchronous detection circuitry was 80 V/V. The output of the
electronics may be related to the WHAP capacitance, C,,, by

v, - 2% go0 ()
Cf

where C, is the capacitance due to the electric field within the printed circuit board and
connecting leads, and Cyis the feedback capacitance of the charge amplitier (Figure 1). The
teedback resistor, R, was chosen to prevent saturation, and yet not atfect the response at
the driving frequency. The output noise was about 14 mV with G, = 2.2 pFand V,, = 10 V,
resulting in an equivalent noise capacitance of 0.04 fF. The output signal was stable and
drifted no more than 5 mV over a 4 hour stability test.

The C,., term in (5) provided a large offset to the output voltage. A DC offset adjustment
circuit was used to prevent A/D saturation for the large variations in output signal from the
sensor with the 3 mm gap. Since only relative changes in capacitance versus output position
were significant in these experiments, no attempt was made to measure capacitances
absolutely.

Outputs from the four difterently-sized sensors on the single substrate were rccorded
simultaneously as the substrate was moved in 0.2 mm increments away trom a 400 by
480 mm aluminum obstacle. This experiment was repeated five times and the results
averaged to give the data in Figure 4. These curves may be considered to be the sensor
response functions for the particular case ot a tlat, conductive obstacle. The sensor response
was quite repeatable and stable; the maximum standard deviation over all 2400 data points
in the five trials was 4.9 A/D units. Error bars would be barely visible in Figure 4.

The signals from the WHAP sensor with the 3 mm gap varied greatly over the first 30 mm
of travel and then levelled oft. As the gap between electrodes increased. the overall
dvnamic range of the output signal decreased, especially for sensors with 3 and 38 mm gups
(note the change in scale in Figure 4). This effect was also observed in the 2D simulation
(Figure 2). The two sensors with the smallest gaps (3 and 38 mm) = hibited transition
regions or "corners” between near and tar obstacles. This eftect was also observed, although
somewhat less pronounced, in Figure 2.

For distances greater than the "corners”, all four sensor signals increased similarly with
decreasing slopes until the output was indistinguishable trom the background noise. This
point was about 400 mm for all four sensors. This distance was considered to be the
maximum working distance for this particular sensor geometry.  As predicted by the 2D



model, the maximum working distance is not a function of the sensor gap size, given a tixed
clectrode size.

The sensors with smaller gaps offer superior sensitivity at closer working distances, given
similar background noise levels. For example, the sensor with the 3 mm gap would provide
much more sensitivity (or less position uncertainty) at distances less than about 50 mm than
I8 any of the other sensors. However, sensors with larger gaps may offer advantages when
sensing objects with smaller profiles. This hypothesis was not tested but seems reasonable
considering the larger extent of the electric field.

Experiments were performed using a 350 by 350 mm concrete block to investigate the
WHAP sensor response to dielectric materials. The shape of the sensor output versus
distance curves were similar, indicating the action of a shielding effect related to that
.observed for conductive obstacles. The overall signal variation for distances from about
S mm to 400 mm was about a factor of four smaller, however. By using sufficiently large
gains in the obstacle avoidance system described next, the same control was used to avoid
both a conductive post and a concrete block.

Interestingly, as the obstacle came very close to the sensor (< 5 mm), the sensor capacitance
rose rapidly, in opposition to the phenomenon observed for conductive obstacles. This effect
has been described before (13) and is due to the replacement of a poor dielectric (air) by
a better dielectric (concrete) in the sensor electric field. The following experiments were
designed to avoid this operating region of the sensor. Following a more detailed analysis of
this behavior, future control systems will be designed to permit operation in this regime.

Application to a Two Link Robotic Arm

Four sensors with 3 mm spacing on each of two WHAP sensor arrays were used on a two
link planar robotic arm as shown in Figure 5. In these preliminary experiments, obstacles
were placed only on one side of the arm; therefore, both sensor arrays were on the same
side of the two links. Both conductive end dielectric obstacles were placed in the robot
workspace along the desired trajectory of the arm. A trajectory generator provided a
smooth motion along the desired path while an obstacle avoidance loop provided a
perturbation away from obstacles which were within the WHAP sensor’s range (Figure 6).
Since the WHAP sensor’s output is dependent on the distance from an obstacle. these
measurements can be transformed into the changes in robot joint angles required to avoid
the obstacle.

Based on the analysis of the previous section, some assumptions were made regarding the
obstacle’s shape and position in the 2D plane. Ideally, the sensor output is given as
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Zi/ = hi/(xiijah’ Yoh) ' (())
where z; is the output of sensor j on link £, x; is the (xy) position of sensor i in world
coordinates, x,, is the (x,y) position of the obstacle in world coordinates, y,, are parameters
related to the obstacle’s shape, and #; is the sensor’s response function. In the previous
section, the sensor’s response function was plotted for a single obstacle shape (a large plate)
which was perpendicular to the sensor. Since the shape parameters for the objects are not
known, it was assumed that all obstacles are large plates perpendicular to the sensor. This
is a good approximation in most cases, since the obstacles are larger than the sensor
electrodes. Now, the previous equation simplifies to

z.. = R '.j‘ob) . (7)

, ij i

where y;; ., is the perpendicular distance between sensor i and the obstacle. As shown in the
previous section, the WHAP sensor’s output is related nonlinearly to the distance from the
object. If the control is to respond linearly to the distance from the object, the expression
for i1; would have to be inverted in order to determine y;,,, from z,. However, the shape of
the nonlinear relationship is ideal for the task of obstacle avoidance since the sensor output
versus distance is inherently a useful potential function. As the sensor moves closer to the
obstacle, the output decreases dramatically (Figure 4, 3 mm gap). This potential function
is used directly in the current control structure by perturbing the system based upon the
error between the desired sensor output (when no obstacles are present) and the actual
measurement.

In order to move away from obstacles, difterential changes in (x,y) position with respect to
each sensor must be transtormed into ditferential changes in the robot joint angles. For
sensor Ij on link 1, the differential relationship with respect to the coordinate frame of
sensor Ij is [12]

tig] 0, [0 0
where 'y = ,

(8)
{62 dU 0

UJ

U)" ]

Uy and 'y are the x, v velocities of sensor 7j with respect to it’s own coordinate frame, 6
and 6, are the joint angle velocities, 44 1s the Jacobian with respect to the coordinate frame
1j, and dj; is the distance of sensor /j from joint 1. For sensor 2/ on link 2. the differential
relationship with respect to the coordinate frame ot sensor 27 1s
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2y 0, | dysing, 0
o= _ where 2y =
7y 0, (dycos8,+d,) d,,

(9)

4¥ and % are the x, y velocities of sensor 2j with respect to it’s own coordinate frame, %J
is the Jacobian with respect to the coordinate frame 2j, and dj is the distance of sensor 2j
from joint 2, d, is the length of link 1. Given the previous assumption regarding the obstacle
being perpendicular to the sensor, only the y ~omponent of these equations is observable.

The Jacobian pseudo inverse used in Figure 6 to transform sensor errors to changes in robot
joint angles depends on the sensors available. For the case of a single WHAP scnsor on link
2, the differential transtormation is

A8,
A%y = [(d,c0S8,+d,)d,, . (10)
y {( 1 2+dy)dy; A,

This is an underdetermined system, meaning there are infinitely many solutions given by

1 .
AB, = d—[Az’y-(d&OS@z* 2/_)A81] , (11)

2

where A8, can be any number. For the case of a single WHAP sensor on both link 1 and
link 2, the system is uniquely determined system with solution

L 0 ro
did,  dy

Notice that if A% = 0 then the solution is simply 48, = A%/dy, which is the same as the
underdetermined case when A6, is chosen to he zero.  Also notice that it A% = 0 the
perturbation from sensor Ij will cause joint 2 to move in a direction which counters joint 1's
motion. This motion i required in order for the perpendicular velocity at sensor 2/ to be
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zero. This effect was found to be undesirable and was removed by letting the off dingonal
term cqual zero. This is cquivalent to allowing sensor 2j have a positioning error of

-(d,cos8,+d,) A
d,dy,

error =

o, . (13)

when link 1 encounters an obstacle.

For the case of m sensors on link 1 and n sensors on link 2, the system is overdetermined.
The least squares solution is given by

[ ]

A11y

1m
A61 - J'A y , (14)

AGZ A21y

Ay

where J* is the Moore-Penrose pseudo inverse
dy; 0

d1m 0 (15)
J*=(JJTHIJT where J = . )

(dycosb,+dy) ds,

_(d1cos(32+d2") d,,

Again, when the signals from the link 2 sensor array are zero and those from link 1 sensor
array arc nonzero, joint 2 will move opposite joint 1 because of the coupling terms. This
effect was removed by setting the (d,c, + dy) terms to zero. The resulting least squares
solution is

p-



Y dybVy Y by
AB, = and A6, = T— (16)
-~ ,2 2
> du D> do
i=1 i=1

These equations, withm = 4andn = 4, were used together with experimentally determined
feedback gains in the experiments discussed pelow.

The experimental results of the two link robot avoiding three obstacles are shown in Figures
7-9. Figure 7 shows the tip positicn of the robot as link 2 avoids a 40 mm diameter metal
pipe and a 120 by 190 mm concrete block. Near the end of the trajectory, the robot is
stopped by a 100 by 100 mm metal plate blocking the path of link 1. In Figure 8, the two
large perturbations in the joint 2 path are caused by the pipe and the block. The smaller
variations from the desired position are joint level PD control errors resulting from the
motion of joint 1. The tip of the arm is moving at 0.9 m/s when it encounters thesc
obstacles. In Figure 9, the large perturbation at the end of the trajectory is caused by the
metal plate. The smaller offsets during the 1 to 9 s interval are the tracking errors of the
joint level PD controller. Since this control scheme only perturbs the desired trajectory, it
is possible to eventually build up enough joint position error to overcome the perturbation
from the WHAP sensors. When this occurs, the trajectory generator will need to be undated
and a new path must be planned.

Summary

This paper presents preliminary experiments usifig a capacitive proximity sensor for usc in
collision avoidance. The WHAP sensor comprises both plates of the capacitor, permitting
better characterization of the extent of the electric field and thus the spatial sensitivity of the
device. The sensor output changes instantaneously for conductive obstacles from
0 to 400 mm away. Data for dielectric obstacles, not discussed explicitly in this paper,
demonstrate that the sensor responds differently to conductive and dielectric obstacles, in
4 manner similar to the examples in [13]. A 2D finite element model, developed as a design
tool for the sensor, accurately predicts trends in the sensor response to large conductive
obstacles. Straightforward control algorithms were used with WHAP sensors mounted on
a two link planar robotic arm. The robot avoided colliding with metal and concrete
obstacles while maintaining a high tip velocity.
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Future Work

Future work with the WHAP sensor will involve additional refinement of the sensor itsel,
as well as further development of more complex collision avoidance algorithms. More
elaborate sensor/obstacle models will be examined to determine the effects of obstacle
geometry and composition on the spatial sensitivity of different sensor designs.

WHAP sensors will be mounted on a 6 DOF robot, mandating the use of path planning
techniques such as those of Lumelsky and Cheung [4], Krough [6], and Tilove {5]. Future
sensors will be tfabricated on flexible printed circuit boards to conform to, and provide
collision protection for, most robot link surfaces.
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Figure 7. Tip position of the two link robotic arm during obstacle avoidance experiment.
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Figure 8. Position of joint 2 during the obstacle avoidance experiment.
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Figure 9. Position of joint 1 during the obstacle avoidance experiment.
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