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ABSTRACT

Whole-arm obstacle avoidance is needed for a variety of robotic
applications in the Environmental Restoration and Waste
Management (ER&WM) Program. Typical industrial applications of
robotics involve well-defined workspaces, allowing a predetermined
knowledge of collision-free paths for manipulator motion. However,
many hazardous environments are unstructured or poorly defined,
providing a significant potential for collisions between manipulators
and the environment. In order to allow applications of robotics in
such situations, a sensing system is under development which will
provide protection against collisions. Specifics of this system
including system architecture and projected implementation are
described.

The whole-arm obstacle avoidance system will consist of a host
processor and a set of sensor "bracelets" which cover the surface area
of the manipulator links to the maximum extent practical. The host
processor will accept commands from the robot control system,
control the operation of the bracelets, retrieve and manipulate data
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from the bracelets, and make the data available to the manipulator
control system. Redundant communications links between the host
processor and the bracelets will be provided, allowing single point
failure protection. Each bracelet will consist of a set of sensor nodes,
and a bracelet-to-host interface. The bracelet-to-host interface will
communicate with the host and with its set of sensor nodes. It may
also be responsible for some data processing and reduction. An
individual sensor node will contain a sensor and associated sensor
interface electronics. The sensor interface electronics are being
implemented as an application specific integrated circuit (ASIC). This
will allow the sensor nodes to be compact. Since the sensor nodes are
modular, bracelets may be easily configured for different
applications.

The sensor node ASIC will consist of a communications and control
block, a sensor drive section, an analog signal processing section and
an auto-ranging analog-to-digital converter (ADC). Initially, the
sensor node has been implemented as a number of ASIC's and
programmable logic devices, with each IC roughly corresponding to
one of the functional blocks. Results from preliminary tests of these
circuits and plans for their integration into a sensor node prototype
are presented.

While the prototype implementation of the system will use a
capacitance proximity sensor initially developed by the Sandia
National Laboratory (SNL), the system concept allows multiple types
of sensors. These sensors will be uniquely addressable, which will
allow correlation of a measurement with the associated sensor and
its location on the manipulator. Programmable thresholding at the
bracelet level will allow high speed, single bit sensing (object present
or not) as well as lower speed, higher resolution sensing, which is
necessary for sensor calibration and potentially useful in control.

Obstacle Avoidance System Goals

In many present industrial applications of robotics, manipulators
operate in well-defined workspaces with predetermined motions,
and the risk of a collision is minimal. For many potential applications
of robotic technology, such as cleanup in hazardous environments,
the workspace is not well-defined and the operator s visibility
limited. In such a situation, the potential for a collision between the
manipulator and its environment is high. Addressing this problem is



the motivation for this work, and the goal is to develop a sensing
system which can allow the manipulator to avoid obstacles and
thereby provide protection from collisions. This paper describes the
design of such a system and it present state of development and
implementation.

For an obstacle avoidance system to be generally useful, it must be
capable of being fitted to manipulators of differing sizes and shapes.
Thus it was decided that a modular architecture would be the most
suitable and should therefore be developed. The lowest level of
modularity is a sensor node which contains a sensor and electronics
for interfacing the sensor to the system. This should be a compact
unit which is easily intsrconnected. A whole-arm obstacle avoidance
system will include of a set of sensor nodes which provide sensing
coverage of the manipulator surface area.

The system will initially use capacitance proximity sensors
developed by Sandia National Laboratory (SNL)1 , but the system
concept allows different types of sensors to be incorporated into
nodes. All sensor nodes will use the same interface to the system.
These sensor nodes will be uniquely addressable, allow remote
calibration, and correlation of a sensor measurement with the
associated sensor and its location on the manipulator.

Proximity data developed by the sensor nodes should be available
rapidly enough to allow the robot control system to take action to
avoid a collision. This depends upon the specifics of the manipulator,
so the obstacle avoidance system speed should be sufficient so as to
not be the limiting factor for most robots. To reduce !':c amount of
data that must be passed to the robot control system and processed,
the system can threshold the proximity data and only pass data
indicating obstacles within a caution or halt zone.

An important application for a manipulator equipped with a collision
avoidance system would be its use in a hot cell or other location with
high radiation levels. While the initial system will not be radiation
hardened, a goal is to allow for upgrading to a radiation hardened
system with minimal redesign. These considerations impact the
design and will be commented on in several places.

xxxxx



System Functional Requirements

In order for the obstacle avoidance system to be used effectively, its
host computer must be closely linked to the robot control system.
The interface to the robot control system provided by the host
computer allows inputs including selection of an operating mode,
initial setup, robot kinematic configuration and requests for sensor
data. The initial setup allows identifying sensors and their locations.
The robot kinematic configuration (including basic kinematics and
current joint angles,) is included as it may bz needed for calibration
and compensation. The interface provides output data including
identification of all sensors exceeding thresholds, data from sensors
exceeding thresholds and sensor system status.

Three primary interface types are provided in order to make the
system useful in many applications. One of the robot control system
interfaces is compatible with communications standards established
for the generic intelligent system controller (GISC)2 . In addition, an
ORNL-specific interface and a local operator interface are provided.
A secondary terminal interface allows setup and testing to be
conducted independent of a robot control system.

The obstacle avoidance system is capable of operating in four
different modes: setup, sensor calibration, threshold reporting of
obstacle detection and system test. In the setup mode, the sensors
are scanned for sensor type and data, and sensor setup parameters
(gains, etc.) are determined for each sensor and sent individually to
the sensors. This sensor data is also used set proximity thresholds.

In the calibration mode, non-thresholded data is collected from
individual sensors. Two-point calibration of the system is
accomplished by placing a standard object at a known distance from
the sensor in addition to checking the sensor output with no object
present. This calibration can be partially verified without
mechanical access to the sensor (no object point). A possible addition
to the calibration mode would be for the system to automatically
determine compensation for the effects of interferences caused by
nearby linkages as the manipulator kinematic configuration changes.

In the threshold reporting mode, proximity data collected by the
bracelet is compared to two threshold levels (caution and halt). The



resulting two bits of data indicate the presence or absence of an
obstacle within the two thresholds and are reported to the host. This
mode minimizes data bandwidths as only two bits of data per sensor
are reported, and it off-loads some data reduction from the host
processor to the bracelet processor. In addition to the basic
thresholding mode, if either threshold indicates the presence of an
object, and a request for data is specified in the setup mode, sensor
data of interest is reported as well.

The system test mode is included to verify proper system operation.
Tests include passing data from the host through the bracelet
processors to the sensor nodes and back as well as functional tests of
the bracelets and sensor node electronics.

Sensor data update rate is an important consideration for the
obstacle avoidance system. Data indicating an impending collision
must be available to the robot control system with sufficient time to
allow processing and mechanical action. In addition, it would be
desirable if all sensor data could be updated at a rate which would
allow its use in path planning. Either of these criteria could result in
an update frequency of tens or hundreds of Hz depending upon the
particulars of the manipulator. Since a large number (as many as
1000) sensors may be needed for complete coverage of a
maninulator, the resulting data rate can be sizeable. For example, if
the system has 500 sensors, each sensor reports one byte of data and
an update rate of 100 Hz is required, the data rate would be 50
kbyte/s. Targets were chosen for two potential systems. For the
first, the system is assumed to have 1000 sensors, and the target is
150 Hz for 2-bit data (object present or not) and 50 Hz for 8-bit data.
For the second, the system is assumed to have 100 sensors, and the
target is 300 Hz for 2-bit data (object present or not) and 100 Hz for
8-bit data.

System Design

The hierarchical system architecture shown in Fig. 1 was chosen for
the obstacle avoidance system. Bracelets will be formed by
connecting a number of sensor nodes to a bracelet controller. A
number of bracelets may then be connected to a host processor in
order to form a complete obscacle avoidance system which is then
connected to the robot control system. Note that it is possible to vary
the number of nodes per bracelet and the number of bracelets in the



system. This makes it possible to assemble obstacle avoidance
systems suited for different arm configurations.

The host processor controls the operation of the entire obstacle
avoidance system. It communicates via a redundant serial link with
a set of bracelet processors, and provides a variety of interfaces to
the robot control system as described earlier.

The bracelet processor handles the communications link from the
host and transforms control information into a simpler control
packet for transmission to the sensor nodes. Return data are
combined by the bracelet processor into a single packet for high-
speed transmission to the host. The bracelet processor also performs
the address decode and communications protocol handling. The
bracelet processor can also handle caution and halt thresholding for
all sensors on the bracelet.

The sensor node accepts low-level commands from the bracelet
processor and executes them. During operation, the command is
normally to acquire data from the sensor. However, setup commands
can be executed to set parameters such as offsets and gains.

Host Processor

The host system is a commercially available 68030 VME computer
that can be interfaced easily to new or existing robotic systems. The
obstacle avoidance system operates independently from other
robotic system modules on the host processor. Depending on the
computational requirements, more than one processor may be
required. This will be needed when kinematic constraints are
included in the obstacle avoidance system. For high-speed interfaces
to the robot controller or other systems, the VME bus interface will
be adequate. For lower-speed requirements, Ethernet can be used
with GISC function calls.

The serial communications link must 'low the data update rate
specified earlier and achieve redundancy. The chosen scheme is
token ring architecture that adds an active switch between each
processor and the serial link to the host as shown in Fig. 1. The
active switches allow data to be transmitted in either direction
around the ring. A single fault in the ring can be overcome by
changing the communications direction of the affected bracelets. This



can be achieved using the host software only or a true token ring
may be made by involving the bracelet processors. This choice is
still under consideration.

Bracelet Processor

The bracelet processor serves as the interface between the sensor
nodes and the host processor. It is responsible for communications
to the host and to the sensor nodes, for data thresholding and
formatting and for distribution of power and clock signals to the
sensor nodes. The connections between the bracelet processor, the
sensor nodes, and the host processor are shown in Fig. 2, The bracelet
processor is based on the 8051 microcontroller family. Available
variations on the basic 8051 incorporate dual serial communications
ports, I/O control ports, on-chip memory, and other features that
help in miniaturizing the bracelet processor module by minimizing
the number of auxiliary ICs that are needed.

To implement a rad-hard version of the obstacle avoidance system, a
rad-hard ASIC could be developed to replace the microcontroller-
based bracelet processor. This ASIC should be only moderately
complex because of the limited functional requirements of the
bracelet processor (basic communications and thresholding).

Sensor Node

A sensor node contains the sensor and associated electronics. The
electronics provide drive signals to the sensors, process the signals
returned from the sensors and convert the signal to a digital format.
The electronics must also receive commands and data from the
bracelet processor and transmit data back. Essentially ail the
required electronics will be implemented as a single application
specific integrated circuit (ASIC).

As shown in ASIC block diagram (Fig. 3), the sensor node ASIC is
subdivided into four major blocks. The oscillator block provides
sensor excitation. The analog signai processing block processes the
signals received from the sensors and feeds the ADC. The ADC
actually consists of three subsections: the ADC core, the range circuit
and the ADC control logic. The communications and control block



handles all communication, controls the operation of the other blocks
and includes the digital sensor interface.

It is easy to imagine that other types of sensors may be needed in
the future. Therefore it is useful to partition the sensor ncde
electronics into two categories: one containing all the common
functions and one with functions specific to the capacitance sensor.
The ADC and the communications and control circuit fall into the first
category while the oscillator and the analog signal processing are
likely in the second. Should an ASIC for a new type of sensor be
desired, only a portion of the sensor electronics would have to be
developed.

The sensor node ASIC was designed using a 2-micron p-well CMOS
process. This process was chosen for a number of reasons. First, this
process is readily available from several vendors. This allows
prototyping in a timely manner at reasonable expense. Second, a
large number of useful analog cells (opamps, comparators, ADC, etc.)
are available in that process. A full set of standard digital cells is
also available. The use of previously designed cells greatly speeds
the ASIC design and development process. Third, the 2-micron p-
well process allows the use of +5V logic and +/-5V analog circuitry on
the same chip. The use of 5V logic simplifies the interfacing to
standard digital circuits such as microcontrollers and bus
transceivers.

The capacitive sensor is an active sensor. It is driven by an oscillator
and requires active electronics to detect the current passing through
the sensor.1 An object nearing the sensor reduces the current passing
through: the detected current is a function of the proximity of an
object. The sensor response is proportional to the distance to the
object, but is nonlinear and resembles Fig. 4, curve A. (This curve is
not measured data, but only a simple model useful for conceptual
understanding.) Because the response is nearly flat at larger
distances, considerable resolution is required to measure the position
of distant objects.

The circuit shown in Fig. 5 is the analog signal processing chain used
with the capacitive sensor. The sensor is driven by an oscillator, and
a charge-sensitive amplifier is used to detect the current passing
through the sensor. The motion of an object near the sensor



modulates the current. The amplifier output signal is synchronously
demodulated and low-pass filtered to produce a dc or slowly varying
voltage that is proportional to the object's proximity. A variable
offset adjustment and additional gain are used to make better use of
the dynamic range of the ADC. This process is illustrated in Fig. 4.
Using the offset reduces the range of distances that can be sensed,
but then adding gain produces a curve with greater slope that can be
Jigitized more accurately (with a given ADC). This circuit has been
implemented using commercially available integrated circuits, but
some modifications were needed to implement it as part of the
sensor node ASIC.

There are several important requirements for the oscillator. It should
be capable of operation near 100 kHz (based on SNL capacitive
sensor results), and should have as large an amplitude as possible for
best signal to noise ratio. For the ASIC, the peak to peak amplitude is
limited to no more than 10V by supply voltages (+/-5V). Another
requirement is that the oscillator must be capable of driving the
sensor capacitance plus wiring and stray capacitances. The sensor
capacitance is less than 20pF (on the order of 1 pF plus about 10 pF
parasitic), and wiring is on the order of 10 pF when the sensor and
the ASIC are mounted in the same package. Thus the oscillator must
drive a total capacitance on the order of 20 pF.

The oscillator frequency is digitally generated from a 2 MHz
timebase located in the bracelet processor module, and this timebase
is distributed to the sensor nodes on the same bracelet. The
oscillator frequency is programmable to the extent that several
frequencies in the range of 40 to 200 kHz are available. These
choices of frequency may be needed to implement a system of many
nodes with overlapping sensitive zones. Adjacent sensors need to
ope/ate at different frequencies to prevent interference. This
feature may not be necessary if the oscillator in each sensor node
needs only to be turned on briefly in order to make a proximity
measurement.

The capacitive sensor drive amplitude stability needs to be very
good. For example, a one percent change in drive amplitude would
be interpreted as a one percent change in the sensor signal and that
may represent a significant change in apparent proximity. The
approach chosen is to base the drive signal amplitude on a stable
reference voltage. A reference voltage (+3.75 V) is readily available
since one is required for the ADC in the sensor node. This voltage is



buffered and used as a supply for the oscillator output stage which is
a simple inverter driven directly by the digital frequency
synthesizer.

The analog signal processing for the sensor node ASIC incorporates
the blocks shown in Fig. 6. All these blocks are implemented as parts
of the ASIC with only a few external components. The charge-
sensitive amplifier for the capacitive proximity sensor is an opamp
with internal feedback capacitor and external feedback resistor. The
variable gain block is digitally programmable. A 5-bit digitally
programmable potentiometer accomplishes the offset function
needed for the capacitive sensor. This programmability allows all
adjustments to be made remotely.

The capacitive proximity sensor requires a analog-to-digital (ADC)
converter with nearly 12 bits of dynamic range, but considerably
less accuracy. The approach chosen makes use of an 8-bit ADC. By
using multiple binary-weighted gains along with an autoranging
feature, it is possible to use this 8-bit converter to provide the
desired accuracy and dynamic range. The autoranging procedure is
straightforward. When a conversion is initiated, the ADC control logic
examines the output of the various amplifiers, chooses the highest
gain amplifier whose output would noi overrange the ADC and uses
the multiplexer to connect that output to the ADC input. The ADC
control then starts the 8-bit conversion process, and when the
conversion is finished, the 8-bit result plus a 2-bit code
corresponding to the amplifier gain used is reported to the ASIC
control logic. The 2-bit code corresponds to a multiplier for the 8-bit
data.

Communications between the sensor nodes and the bracelet
controller will allow a number of functions to be performed.
Transfers of data from the bracelet controller to the nodes will
deliver commands and setup parameters needed for node operation.
Transfers of data from a node to the bracelet controller will allow the
reading of data, sensor ID and sensor status.

The communications interface between the bracelet controller and
sensor nodes will be a bidirectional serial link with the controller as
the bracelet master and the nodes as slaves. Data will be transferred
in packets of 8 bits since this approach will allow compatibility with
most microcontrollers and allow simple implementation of the
bracelet controller communications functions in an ASIC should that



be desired. Selection of a serial interface was driven by the need f.o
reduce the number of bus lines required for operation, thus making
it less complex to fabricate and potentially better suited for use in
harsh environments.

The bracelet processor and sensor node communication interface will
be composed of a 4 signal serial interface. The SERIAL I/O, WR/RDB,
SHIFT CLK and STROBE lines are common to each bracelet. The
SERIAL I/O line is used for bidirectional serial datu transfer, while
the WR/RDB line indicates the direction of data transfer. The SHIFT
CLK line is the serial data clock, and the STROBE line is used to latch
data within sensor nodes.

A block diagram of the serial interface to be incorporated into the
sensor node ASIC (using standard cells) is shown in Fig. 7. The
architecture is b;ised on switching the serial data line between two
shift registers (one input and one output), using the WR/RDB line as a
direction indicator, and shifting data using the SHIFT CLK. STROBE is
used to latch data to be transferred in or out of the appropriate shift
register.

The input shift register is divided into three sections -- sensor
address, register address, and data. The sensor address is used to
identify which of the bracelet sensor nodes is being addressed. This
address is locally compared to a reference address (uniquely set for
each sensor on a bracelet) and an address enable is asserted upon
receipt of the proper address. Five register address bits will be
implemented allowing for as many as 32 sensor nodes per bracelet
processor. In some instances improved speed can be obtained by
writing some control commands to all nodes on a bracelet
simultaneously. To provide this capability, one address will be
reserved for a global write which will reduce the maximum number
of sensor nodes to 31. The register address bits (3) will be used for
selection of on-chip registers to be used for sensor node calibration,
control, and data acquisition. The registers are grouped into two
types, input and control, and the type is selected by the write/read
control signal (WR/RDB). Eight of each type are possible, but the
current implementation requires only four input and five control
registers. Data to be written into one of the registers is shifted into
the data byte of 'he input shift register and subsequently loaded into
1 of the 8 sensor node ASIC control registers.



A data write is accomplished by clocking in two 8-bit data bytes into
the sensor nodes with the WR line asserted. As previously
mentioned, the first byte contains the data, the second the address
bits for the sensor node and selected control register. Within the
addressed node, assertion of the STROBE signal transfers data from
the input shift register data byte into the selected sensor node ASIC
control register. A data read is similarly accomplished. A write
operation is first performed to write only the address byte into the
input shift register in order to select the sensor node and associated
data register to read. The data is then read by assertion of the WRB
line (indicating a read operation), asserting the STROBE line which
loads the selected byte into the output shift register, and then
serially shifting the data out using the SHIFT CLK.

For some control purposes, it will be necessary to supply pulses to
the sensor electronics. An addition to the data write process allows
the generation of pulses with the same addressing capabilities. As in
the data write, two 8-bit data bytes are shifted globally to the sensor
nodes. The address is decoded to produce an enable and the STROBE
signal transfers the data into the addressed register. If the register
address is 0, a decoder is enabled which allows passing the STROBE
signal to one of 8 outputs which are selected with the lower 3 bits of
the data. Thus writing to register 0 will produce a pulse which can
be used to start a process in the sensor node. For example, the pulse
could be used to start an analog-to-digital converter.

Mechanical Design and Packaging

The basic sensor node is a modular unit cap^le of being connected
in series with other sensor nodes and the bracelet processor in order
to form a sensor bracelet. The unit is constructed using a multilayer
printed circuit (pc) board with the ASIC and associated electronic
components mounted on one side and the sensors on the other as
shown in Fig. 8. The capacitive sensor structure is formed using two
layers of the pc board and determines the overall size of the sensor
node, which is approximately 6 cm square.

Connections between sensor nodes are made using a flexible printed
circuit (flex circuit). One end of a flex circuit is permanently attached
to the pc board and the other end attaches to the next sensor node
via a connector. One half of the connector is soldered to the flex
circuit and the other to the pc board. Multiple sets of connector



mounting holes are provided on the flex circuit. This allows
adjustment of the distance between sensor nodes as the connector
can be placed where needed and the excess flex circuit trimmed
away. The resulting assembly can be conformally coated with a
suitable potting compound to provide protection from a corrosive
atmosphere while still remaining flexible. The use of a flex circuit
provides a rugged interconnection between sensor nodes and the
bracelet processor.

The bracelet processor unit would be similar to the sensor node
except that instead of a sensor, it would include a connector for
linking it to the host. It may require a larger housing since it contains
the processor circuit, power conditioning and host communications
circuits.

So f twa re

Much of the behavior of the obstacle avoidance system will be
determined by the software of the bracelet and the host processors.

The bracelet processor software mainly controls the communication
of commands and setup parameters from the host to the sensor
nodes and of data from the nodes to the host. Upon power up, the
bracelet processor is reset and acts as a slave as it is waiting for
commands from the host. When a command is received, it is checked
to see if the address matches the bracelet address. If it does, a
command interpretation routine will be invoked, otherwise the
bracelet is not being addressed and the unit will reset and wait for
another command. Commands sent from the host can be one of six
types, each indicating a mode of operation. The allowed modes are:
setup, initiate acquisition, calibration, return data, return status, and
diagnostics mode.

Setup mode involves the initialization and setup of parameters
specific to each node including calibration, threshold, gain, and offset
parameters. In this mode, these parameters are properly stored,
nodes setup to reflect desired settings, and a reply is sent to the host
indicating completion.

Initiate acquisition mode is used to trigger a data acquisition cycle.
After the cycle has been initiated, the bracelet processor collects data
from the appropriate nodes, applies threshold parameters if



necessary, formulates and stores the data set, and waits for further
instructions from the host.

Calibration mode is entered to acquire data from the sensors under
predetermined conditions (known proximity) so that calibration
parameters specific to each sensor node can be calculated and stored.
To the bracelet processor the calibration mode appears the same as
an initiate acquisition command except that calibration usually
involves a few or a single sensor where in normal acquisition a global
trigger is issued.

The return data mode is entered to transfer formulated data packets
from the bracelet processor to the host. These data sets are
composed of the digitization results in the form of raw data or
compressed threshold results. Aft^r transferring this information,
the unit then again waits for more instructions from the host.

Diagnostics mode is used for performing certain self tests on both the
sensor nodes and the bracelet processor. Results from the test are
stored in the stafis block that is then transmitted to the host. The
module then waits for further instructions.

The host accepts commands from the manipulator control system,
controls the operation of the sensors, formats the data received from
the bracelet processors and makes the data available to the
manipulator control system. The host software will be organized in a
hierarchical fashion. The highest level will be called the obstacle
avoidance system manager and it will arbitrate control of the system
between the three interfaces: ORNL-specific, GISC and local operator.
The system may also be controlled directly through the obstacle
avoidance system manager in a stand alone mode. The obstacle
avoidance system manager will create and maintain a data buffer for
storing data acquired from the sensors, but the operation of the
system will actually be controlled by one of the interface modules.
The interface modules will call upon a function library which will
contain software modules of setup, calibration, data acquisition, and
diagnostics of the system. The lowest level of software will handle
the serial communications to the bracelet processors.

Resu l t s



The sensor node ASIC has been fabricated as a set of six smaller
ASICs and a programmable logic device (PLD). One ASIC implements
the majority of the analog signal processing while another contains
the digital potentiometer. A third ASIC is the programmable
oscillator, and a fourth is the serial communications interface and
control logic. The fifth ASIC contains the autorangis?g amplifiers for
the ADC, and the sixth is the ADC itself. The ADC control and
autoranging logic are implemented using an Altera PLD. This circuits
have all been subjected to and passed functional tests. A mockup of
the sensor node which uses this set of ASICs is being constructed and
w>ll be used to evaluate the capacitive sensor and aid in further
development of the sensor node.

The single ASIC for sensor node has also been fabricated, but was
only partially functional due to two minor layout errors. These have
been corrected and a second version is being fabricated.

Planned Work

In the near term, we will test a sensor node using the single ASIC.
This will be interfaced to a prototype bracelet processor which is
currently being developed. A personal computer will be used as a
host, and this system will be used to refine the sensor and ASIC
designs as well as to test the node to bracelet communications.
Planned work also includes the continued development of a complete
system as outlined in this paper and the investigation of
incorporating different types of proximity sensors into the system.

Future extensions of this work may involve the development of a
radiation-hardened system. This would include a translation of the
sensor node ASIC to allow fabrication in a rad-hard process, and the
development of a hardened bracelet processor. The bracelet
processor may require development of a second ASIC.

Conclus ions

We have developed a design for a modular whole arm obstacle
avoidance system. The system consists of a host processor and a set
of bracelets comprised of a processor and a number of sensor nodes.
A sensor node contains a proximity sensor and related electronics
which are implemented using a single ASIC. The sensor node ASIC



has been prototyped and functionally tested. A prototype system is
under development and will be used to refine the design.
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Figure Captions

Figure 1 - Obstacle Avoidance System Architecture.

Figure 2 - Bracelet Processor Connections.

Figure 3 - Sensor Node ASIC Block Diagram.

Figure 4 - Capacitive Sensor Response.

Figure 5 - Analog Signal Processing Circuit Used with Capacitive
Sensor.

Figure 6 - ASIC Implementation of Analog Signal Processing Circuit.

Figure 7 - Serial Interface Block Diagram.

Figure 8 - Sensor Node Module.
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