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ABSTRACT

Operation of manipulator systems in poorly defined work environments often presents a
significant hazard to both the robotic assembly and the environment. In applications
relating to the Environmental Restoration and Waste Management (ER&WM) Program,
many of the environments are considered hazardous, both in the structure and composition
of the environment. Use of a sensing system that provides information to the manipulator
control unit regarding obstacles in close proximity will provide protection against
collisions. In this paper, a hierarchical design and implementation of a whole-arm
obstacle avoidance system is presented. The system is based on capacitive sensors
configured as bracelets for proximity sensing. Each bracelet contains a number of sensor
nodes and a processor for sensor node control and readout, and communications with a
higher level host, common to all bracelets. The host controls the entire sensing network
and communicates proximity information to the manipulator controller. The overall
architecture of this system is discussed with detail on the individual system modules.
Details of an application specific integrated circuit (ASIC) designed to implement the
sensor node electronics are presented. Justifications for the general measurement methods
and associated implementation are discussed. Additionally, the current state of
development including measured data is presented.

INTRODUCTION

In many industrial applications of robotics, manipulators operate in well-defined
workspaces with predetermined motions, and the risk of a collision is minimal. However,
in many potential applications of robotic technology, such as the cleanup and restoration
of hazardous environments, the workspace is poorly-defined and the operator's visibility
limited. In these situations, the potential for a collision between the manipulator and its
environment can be appreciable. Addressing the avoidance problem is the motivation for
this work; the goal being to develop a sensing system that allows the manipulator to sense
and avoid obstacles, thereby providing protection from collisions. This paper describes
the continued development of such a system and its present state of design and
implementation1.

DESIGN GOALS

An ideal obstacle avoidance system would provide complete coverage of the
manipulator assembly, provide proximity data referenced to physical locations on the
manipulator assemblies, report proximity data at least fast enough to allow the
manipulator controller to take evasive action, allow re configuring for use with various
manipulator assemblies, and allow for complete in-system testing and calibration.

In an effort to meet the functional specifications of the system, several
requirements pertaining to system functional operation were determined and categorized
as modes of operation. These include setup, sensor calibration, thresholding, and system
test modes. Setup mode allows the programming of parameters associated with each
sensor node (i.e. gains, offsets, eu\). These parameters are downloaded by the host
through the bracelet processors and stored in each node. Due to variance in the
measurement characteristics between nodes, the system must accommodate performing
calibrations. In calibration mode, raw proximity data is sent to the host. With an object
placed a known distance from the sensor, sensor node specific calibration constants can be
calculated and stored, and applied to future measured data. This will improve the overall
accuracy of the system. Reporting raw data rrom all sensors at a continuous rate can
significantly decrease the data throughput or the system response time. To reduce the
both the time required to report data and the amount of data to be processed at the host,
the system should be able to operate in a thresholding mode. In this mode, raw data is
compared to a pre-programmed threshold at the bracelet level, and a single bit indicating
the threshold result for each sensor is reported to the host. This will increase the overall
data bandwidth of the system allowing for faster detection and reporting of proximity
alarms. The system should also allow a test mode where certain functions are executed to
verify proper system operation. Tests should include functional exercising of both the



bracelet processors and the sensor nodes. Incorporating system tests will assure the
integrity and accuracy of the overall avoidance system.

For an obstacle avoidance system to be applicable to various efforts, it must be
capable of being fitted to manipulators of differing sizes and shapes. Based on that
consideration, a modular architecture was selected. The system is designed using standard
interfaces and modular components. This allows that addition of extra bracelets or nodes
as needed. Incorporating modularity and standard interfaces will allow the system to be re
configured for use in a wide variety of applications.

An important application for a manipulator equipped with a collision avoidance
system would be its use in a hot cell or other high-radiation locations. While the initial
system will not be radiation hardened, an additional goal is to allow the system to be
radiation hardened with minimal redesign. This considerations significantly impacts the
design, and will be discussed where appropriate.

In an effort to take advantage of available sensor technology, the system will
initially use capacitance proximity sensors developed by Sandia National Laboratory
(SNLK. However, the system is designed to incorporate other sensor types. Specifics of
the capacitive sensor and its operation are detailed in later sections.

Several interfaces between the host and the robot control system will be
incorporated into the system, thus allowing it to be used in a variety of applications.
These interface types include the generic intelligent system controller (GISC)^, an ORNL
specific interface, and a local operator interface. Provisions will also be made so that the
system can be operated in stand-alone mode.



SYSTEM DESIGN AND IMPLEMENTATION

The obstacle avoidance system was designed as a hierarchical network of senors.
At the lowest level, a sensor node is formed by combining a sensor with interface
electronics. Bracelets are formed by connecting a number of sensor nodes to a bracelet
controller. A complete obstacle avoidance system is formed by connecting a set of bracelets
to a host processor which is in turn interfaced to the robot control system. Fig. 1 is a block
diagram of the obstacle avoidance system.

Host Processor

The host processor controls the operation of the entire obstacle avoidance system.
It communicates via a redundant serial link with a set of bracelet controllers, and provides a
variety of interfaces to the robot control system as described earlier. The host system will
be implemented using 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. 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 allow the data transfer rate specified earlier
and achieve redundancy. The chosen scheme is a 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 controllers. This choice is still under consideration.

Bracelet Controller

The bracelet controller provides the interface between a set of sensor nodes and the
host processor. Each bracelet controller receives control information from the host and
decodes the address portion. The addressed controller reformats the information into a
simpler control packet for transmission to its sensor nodes. The controller also supplies
power and clock signals to its sensor nodes. When commanded by the hose, the bracelet
controller collects data from the sensor nodes, combines the data into a packet and transmits
it to the host. The controller can also threshold the proximity data, combine the resulting
data into a packet and transmit that data to the host.

As shown in Fig. 2, the heart of the bracelet controller is a 8051-family
microcontroller. This microcontroller was chosen since available variations on the basic
8051 incorporate dual serial communications ports. I/O control ports, on-chip memory, and
other features that will help in miniaturizing the bracelet controller module by minimizing
the number of auxiliary ICs that are needed.

The microcontroller used in the bracelet processor has considerably more power
than is being used. The main reason for limiting the functional requirements of the bracelet
controller to basic communications and thresholding is the goal of eventually developing a
radiation-hardened version of the obstacle avoidance system. A radiation-hardened ASIC
could be developed to replace the microcontroller-based bracelet controller, but only if its
functionality is kept to a moderate level.

Sensor Node

A sensor node is comprised of at least one 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 controller and transmit data back. Essentially all the



required electronics have been implemented as a single application specific integrated circuit
(ASIC).

The capacitive sensor implemented here is an active sensor. It requires both a
periodic drive signal and 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. 3, curve A.
Because the slope of the response is very slight at greater distances, very fine resolution is
needed to measure the position of distant objects. The sensor response can be made more
amenable to digitization with moderate resolution by subtracting an offset and then applying
gain. For example. Fig. 3, curve B is the result of subtracting 0.9 from the data of curve A
and then multiplying by 15. Obviously, it is now easier to distinguish the difference in the
response due to an object located at a distance of 4 inches and the same object at 5 inches.
This procedure does limit the minimum distance that can be sensed, but that should not be a
severe limitation for a obstacle avoidance system.

As shown in Fig. 4, the sensor node ASIC is subdivided into four major blocks.
The oscillator block provides the drive signal for the capacitive sensor. The analog signal
processing block processes the signals received from the sensors and develops a dc
voltage. The ADC converts that voltage into a digital code. The communications and
control block handles all communication to and from the bracelet controller, controls the
operation of the other blocks and includes an interface for an optional digital sensor.

The sensor node ASIC (Fig. 5) was designed using the Orbit Semiconductor
2-micron p-well CMOS process. This process was chosen for a number of reasons. First,
this process is available through the MOSIS service on a monthly basis and therefore
prototypes can be produced in a timely manner at reasonable expense. Second, a large
number of useful analog cells (operational amplifiers, comparators, ADC, etc.) developed
at ORNL and other institutions 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 oscillator was designed to provide a stable, programmable drive signal for the
capacitive sensor. The oscillator frequency is digitally generated from a 2 MHz timebase
distributed to the sensor nodes from the bracelet processor. The oscillator frequency is
programmable to the extent that 16 frequencies in the range of 40 to 200 kHz are available.
Based on SNL capacitive sensor results, a 100 kHz signal gives good results, and these
additional choices of frequency were added to allow implementation of a system of many
nodes with overlapping sensitive zones. Adjacent sensors need to operate at different
frequencies to prevent interference. The oscillator amplitude stability must be very good
since any change in the drive amplitude would be interpreted as a change in the sensor
signal and therefore a change in apparent proximity. The approach chosen was 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 circuit shown in Fig.6 is the analog signal processing chain implemented in the
ASIC for use with the capacitive sensor. The sensor is driven by the oscillator, and a
charge-sensitive amplifier is used to detect the current passing through the sensor. 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 a function of the object's proximity. A variable offset adjustment and
additional gain are used to make better use of the dynamic range of the ADC. 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 digitized more accurately (with a given ADC). This
process was illustrated in Fig. 3. 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 operational amplifier with on-chip feedback capacitor and off-chip
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.

It is reasonable to assume that other types of sensors might be useful in addition to
or instead of the capacitive sensor. Therefore, provisions were made in the ASIC design to
allow for other sensors to be connected directly . One feature that was included in the
ASIC is an open-drain output from the oscillator that could be used to drive an IR LED.
As shown in Fig. 6, three additional amplifiers and a multiplexer were included to allow
connecting additional sensors. These amplifiers are configurable as voltage or current
amplifiers. Signals amplified by these can be demodulated as done for the capacitive
sensor. This type of processing would allow an IR detector to be used in conjunction with
an IR emitter. Another feature allows the demodulator to be turned off and funtion either as
,in inverting or non-inverting buffer. This would be useful for a sensor developing a dc
voltage or cu.rent. Some sensor types may include electronics with digital signal ouputs
and control inputs. A digital input/output port was included to allow interfacing to such
sensors. Some sensor types may require analog processing or drive signals beyond the
capabilities of the present ASIC. In that case, the ASIC would need to be redesigned, but it
is likely that the ADC and communications and control circuit could be reused.

Since considerable gain may be needed alter subtracting an offset from the
demodulated sensor signal, an autoranging ADC was developed. This approach made use
of a previously developed 8-bit successive approximation ADC. By using multiple binary-
weighted gains along with an autoranging feature, it is possible to use this 8-bit converter
to provide reasonable 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 not
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.

Data communicated between the sensor nodes and the bracelet controller allows a
number of functions to be performed. Commands and setup parameters needed for node
operation are transferred from the bracelet controller to the sensor nodes. Proximity data,
sensor ID and sensor status are transferred from a node to the bracelet controller.

The communications interface between the bracelet controller and sensor nodes is a
bidirectional serial link with the controller as the bracelet master and the nodes as slaves.
Data is transferred in packets of 8 bits since this approach is compatible with the 8051 serial
port basic mode and allows compatibility with most microcontrollers and 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 to reduce the number of
bus lines required for operation, thus making a bracelet less complex to fabricate and
potentially better suited for use in harsh environments.

The bracelet controller and sensor node communication interface is composed of a 4
signal serial interface. The data line is used for bidirectional serial data transfer, while the
read/write line indicates the direction of data transfer. The shift clock line is the serial data
clock, and the strobe line is used to latch data within sensor nodes.

The architecture of the serial communications interface incorporated into the sensor
node ASIC is based on switching the serial data line between two shift registers (one input
and one output), using the read/write line as a direction indicator, and shifting data in or out



using the shift clock. The strobe signal is used to latch data to be. transferred in or out of
the appropriate shift register.

The 2-byte input shift register is divided into three sections ~ sensor address,
register address, and data. The sensor address (5 bits) is used to identify which of 32
sensor nodes on a bracelet is being addressed. This address is locally compared to a
reference address (uniquely set for each sensor node on a bracelet) and an address enable is
asserted upon receipt of the proper address. Some control commands can be written to all
nodes on a bracelet simultaneously by reserving one address for a global write. This
reduces the maximum number of sensor nodes to 31. The register address bits (3) are used
for selection of on-chip registers 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 read/write control signal. 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 the input shift register and subsequently
loaded into one of control registers. Data may be readout similarly. First, the address byte
is written into the input shift register in order to select the sensor node and associated data
register to read. The data can then be loaded into the shift register and shifted out. One
modification to this scheme allows control register 0 to function differently. A code written
to register 0 is decoded and produces strobe pulses used for several purposes including
triggering the ADC, reseting registers or starting other processes.

MECHANICAL DESIGN AND PACKAGING

The basic sensor node is a modular unit capable of being connected in series with
other sensor nodes and the bracelet controller in order to form a sensor bracelet. The unit
will be 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. 7. 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. Prototypes have been made using two 2-layer circuit boards with the sensor plus a
ground plane constructed on one and tthe electronics mounted on the other.

Connections between sensor nodes will be made using a flexible printed circuit
(flex circuit). One end of a flex circuit will be permanently attached to the pc board and the
other end wille attaches to the next sensor node via a connector. One half of the connector
will be soldered to the flex circuit and the other to the pc board. Multiple sets of connector
mounting holes will be provided on the flex circuit. This will allow 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 controller. Prototypes have been made using ribbon cables
instead of flex circuits.

The bracelet controller 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.

SOFTWARE

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

The bracelet controller 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 controller 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 controller 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 controller 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
controller to the host. These data sets are composed of the digitization results in the form
of raw data or compressed threshold results. After 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 controller. Results from the test are stored in the status 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 controllers 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 controllers.

RESULTS

A mockup of the sensor node ASIC has been constructed and tested. This mockup
consist of 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 autoranging
amplifiers for the ADC, and the sixth is the ADC itself. The ADC control and autoranging
logic are implemented using an Altera PLD. These circuits were first tested individually for
functionality and were then combined into the mockup. All circuits functioned properly and
after making several adjustments to the gain and offset circuits, the mockup was able to
detect planar metallic objects at ranges exceeding 5 inches. Fig. 8 shows the response to a
18cm by 25cm aluminum plate held at varying distances from a prototype sensor. For this
test, the oscillator frequency was 80kHz and 50 samples of the ADC output were averaged
together and recorded. Further optimization of the analog signal processing circuit and the
sensor geometry should extend this range. The mockup will serve as an aid in these further
developments.



The sensor node ASIC has been fabricated and passed all functional tests and can
sense the proximity of objects. The ASIC can sucessfully communicate with the prototype
bracelet controller and report proximities. The oscillator module and analog signal
processing modules work as expected. A layout error in the ADC limits its performance to
4 bits instead, of 8. This the range over which objects can be sensed to about 2 inches. This
version of the ASIC does demonstrate the concept of very compact sensor node electronics
and will be useful for further system development

A prototype of the bracelet processor has been designed and fabricated. Software
was written to provide communications with a pc that emulates the host. The RS-232
protocol was used to allow rapid prototyping. The serial communications interface was
also implemented to communicate with the sensor nodes. To allow simulation of the entire
system, control and data acquisition software was written for the pc. The data presented in
Fig. 8 was acquired using this system.

FUTURE WORK

Several efforts are ongoing and others are planned. We plan to upgrade the analog
signal processing and ADC portions of the ASIC in order to achieve sensing at greater
ranges. The prototype bracelet processor will be developed further and repackaged into a
compact unit. Several bracelets will be constructed and combined into a complete obstacle
avoidance system. This will require implementation of the serial link between the bracelets
and the host, as well as development of the host. A radiation-hardened system is another
development that may be pursued in the future.

CONCLUSIONS

We have designed a whole arm obstacle avoidance system consisting of a host
processor and a set of bracelets comprised of a processor and a number of sensor nodes. A
prototype sensor node containing a proximity sensor and an ASIC for signal processing
and interfacing has been constructed and tested. A limited prototype of the system has been
constructed and used to sense the proximity of objects.
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Figure Captions

Figure 1 - Obstacle Avoidance System Architecture.

Figure 2 - Bracelet Controller Block Diagram.

Figure 3 - Capacitive Sensor Response.

Figure 4 - Sensor Node ASIC Block Diagram.

Figure 5 - Photograph of the Sensor Node ASIC die.

Figure 6 - ASIC Implementation of Analog Signal Processing Circuit.

Figure 7 - Sensor Node Module.

Figure 8 - Sensor Response Using ASIC mockup.
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