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Summary   Electrically-powered arm braces have reached a stage of development
sufficient to permit the restoration of arm motion to a severely paralyzed person. Although
many functional tasks can be performed with these powered braces, the degree of function
attained is still limited by the capabilities of the control system.

Most functional orthotic controls presently in use are of a switch type which provide
sequential off/on control of the orthesis. Extra-oral tongue operated switch controls are
now used routinely, and, although they are easily fitted, inexpensive and reliable, still they
do not provide the degree of control which is desirable.

This paper describes the developmental work being done at Rancho Los Amigos Hospital
on intra-oral telemetry control systems. The design of a tongue-actuated intra-oral
telemetry control system to control the “Rancho Electric Arm” (a seven-degree-of-freedom
electrically-powered arm brace) is described in detail. The system consists of 15 specially
designed solid state strain gauge pressure transducers and an eight-channel digital
transmitter mounted in a metal dental appliance. The control signals which are generated
are telemetered to a receiver mounted on the patient’s wheelchair and are used to control
the velocity of the respective arm brace joints.

Patient tests with the system have shown that the telemetered signal is of sufficient quality
to effectively control the “Rancho Electric Arm.” Although a patient has been fitted with 



a prototype intra-oral control unit, it must be clearly understood that the system has not yet
been perfected to the point that it is a functional control system for patient use.

Introduction   In the last two decades improved medical care has resulted in the survival
of an ever-increasing group of patients with severe neuromuscular disabilities who
otherwise would have succumbed to their disease or remained bedridden. This has created
a large population of severely paralyzed persons dependent upon society for care.

During the past ten years, considerable emphasis has been placed upon the development of
externally-powered arm ortheses, resulting in the design of some highly sophisticated
systems such as the “Case Research Arm Aid”1 (a five-degree-of-freedom pneumatically-
powered arm brace) and the “Rancho Electric Arm”2 (a seven-degree-of -freedom
electrically-powered arm brace). It is only in recent years, however, that patients with
disorders causing severe paralysis of the upper and lower extremities have been able to
look forward to a life of increased activity. This change is the result of almost routine
fitting of electrically powered arm braces and motorized wheelchairs to these patients.

Although considerable progress has been made in the development of control systems for
externally-powered orthotic devices, they continue to be the major limiting factor in the
degree of function which can be attained. Extra-oral tongue-operated switch controls
which provide sequential off /on control of the orthesis are now used routinely. A “Rancho
Electric Arm” patient with extra-oral tongue switch controls is shown in Figure 1.
Although easily fitted, inexpensive and reliable, still these controls do not provide the
degree of control which is desirable.

Past experience with these types of controls clearly shows the tremendous potential of the
tongue as a control site for externally-powered orthotic devices and led to the concept of
the intra-oral control system now under investigation at Rancho Los Amigos Hospital.
Anticipated advantages of the intra-oral control system are:

A. Ease of control. The control system will allow the tongue to function entirely inside
the mouth, thereby taking advantage of the tongue’s high degree of dexterity.

B. Direct attachment to the patient. Attaching the transducers directly to the patient
(rather than to an external fixture) will provide a more positive control, especially for
driving an electric wheelchair. No obstruction will exist in front of the mouth to
restrict arm motions in that area.

C. Cosmesis and hygiene. Placing the transducers intra-orally will make the control
much more cosmetically acceptable and more sanitary than extra-oral tongue-
actuated control systems.



D. Velocity control. The use of analog transducers will make it possible to provide
velocity proportional control to arm braces.

Although it has application to other externally-powered systems, the intra-oral control
system is designed specifically to control the “Rancho Electric Arm” and a motorized
wheelchair. Since wires running out of the mouth would be unacceptable to patients, it was
necessary to develop a multichannel intra-oral transmitter to telemeter the control
information out of the mouth. Fourteen pressure transducers are necessary to provide
bidirectional control of the seven-degree-of-freedom electrically-powered arm brace. This
large number of transducers necessitated the design of miniature sensitive pressure
transducers that would conveniently fit inside the mouth. It was necessary to design special
dental appliances to house the electronics and provide a rigid attachment of the transducers
to the patient.

In this paper, major emphasis is placed upon the development of the intra-oral telemetry
system which is described in detail below.

Intra-Oral Transmitter   The telemetry system is a ten-channel (nine data channels and
one synchronization channel) sampled data system with the data being transmitted in
digital form. The intra-oral portion of the system consists of the following miniature circuit
modules: (a) multiplexer, (b) analog-to-digital converter (A-D converter), and (c) RF
transmitter. A photograph of the A-D converter circuit module is shown magnified in
Figure 2. A block diagram of the intra-oral portion of the system is shown in Figure 3. The
circuit modules are fabricated almost entirely of RCA COS/MOS digital integrated circuit
logic elements in chip form. The multiplexer and A-D converter are housed in flat packs
3/8" x 5/8" x 0.080" thick. The RF transmitter is housed in a flat pack 3/8" x 5/8" x 0.10"
thick.

The multiplexer consists of a clock, a decade counter, ten analog switches, and a B+
switch. Figure 4 is a block diagram of this circuit and the pressure sensors. The clock
generates an asymmetrical square wave (100 µ sec. pulse width - 1 msec. period) which
drives the counter and the B+ switch. The B+ switch controls the supply voltage to the
sensors and portions of the A-D converter. The counter produces a sequential set of pulses
which control the ten analog switches, turning them on and off sequentially, thereby
sampling the voltage from each pair of sensors in turn. The commutated signal thus
produced (pulse amplitude modulated or PAM signal) is fed into the A-D converter circuit.
The 1000 Hz clock rate provides a sample rate of 100 Hz for each of the ten channels.
This sample rate provides a frequency response more than adequate for control of an
orthotic arm.



The A-D converter consists of a high speed clock, a counter, a resistance ladder network,
a voltage comparator, a shift register and a low speed clock. A block diagram of this
circuit is shown in Figure 5. Figure 6 shows the input and output waveforms of the A-D
converter along with pertinent timing pulses. The pulsed B+ signal from the multiplexer is
used to control the supply voltage to the high frequency clock and to reset the counter on
the trailing edge of the pulse. On the leading edge of the pulse, the high speed clock is
started thereby initiating the counting cycle. As the counter counts, a ramp voltage is
generated in the resistance ladder network. This voltage is compared with the commutated
signal (from the multiplexer) in the voltage comparator. When the ramp voltage equals the
multiplexed signal voltage, a pulse is initiated in the comparator which inhibits the high
speed clock thereby preserving the count in the counter. This count is then transferred to
the shift register. The count is then clocked out of the shift register (during the time
between successive commutated signal pulses) by the low speed clock. The low speed
clock is reset by the trailing edge of the comparator pulse, thereby insuring that each
digital word is started at the proper time.

The RF transmitter consists of a Colpitts oscillator (operating at 130 MHz) with an emitter
follower output stage, and a B+ switch circuit (Figure 7). The digital signal from the A-D
converter controls the B+ switch circuit thereby pulsing the oscillator. The resultant
transmitted signal is a seven-bit digital word for each commutated signal pulse.

A seven-bit digital word makes a decimal count of 128 possible. The least significant bit
was fixed at a logical one in order to simplify synchronization of the digital-to-analog
converter clock (on the receiver side) with the low speed clock in the A-D converter. This
made it unnecessary to transmit a special digital synchronization pulse. The result was a
smaller A-D converter package and lower average power consumption of the intra-oral
transmitter. This technique cut the resolution from 1 in 128 to 1 in 64; however, the lower
resolution is quite adequate for velocity control of an orthotic arm.

The intra-oral portion of the telemetry system and the pressure sensors operate at 5.2 volts
with an average current of 500µa. A shunt type voltage regulator is used to regulate the
supply voltage. This regulator is pulsed to regulate only during the time the sensors are
sampled (10% duty cycle). The voltage regulator is inefficient, drawing an average current
of 500µa; however, it was decided to use this regulator rather than a more efficient series
regulator since the series regulator would necessitate the use of an extra battery cell in the
power supply. The shunt regulator operates with a supply voltage of 6 volts (four S312
silver oxide cells), whereas the series regulator would require at least 7 volts (five S312
silver oxide cells). Since space is at a premium in the mouth, it was decided to proceed
with the smaller battery pack and higher current consumption.



Receiving System   The digital data pulses are received by a conventional FM receiver,
and are converted into a pulse amplitude modulated signal (a reproduction of the PAM
signal coming out of the multiplexer in the intra-oral transmitter) in the digital-to-analog
converter (D-A converter).

The D-A converter consists of a clock, a shift register, a resistance ladder network, an
analog switch, and five monostable multivibrators (1 -shots). A block diagram of this
circuit is shown in Figure 8. The digital pulses from the receiver are used to trigger a
1-shot which properly shapes the pulses for decoding. The shaped pulses trigger a “digital
word detection 1-shot” which detects the least significant bit of each digital word. The
output of this 1-shot goes to a low level when triggered by a pulse and remains at the low
level for a period of time just greater than the duration of a digital word (7 bits x
50µsec/bit = 350µsec. This insures that the first pulse following a series of logical zeros in
a digital word is not mistakenly interpreted as the first pulse of the following digital word.
When 350µsec. have elapsed following the last pulse, the output of the 1-shot reverts back
to a high level. The next pulse causes the 1-shot output to go to a low level which correctly
detects the pulse as the first or least significant bit of the following word. A “word length
1-shot” is triggered by each negative-going transition of the “digital word detection
1-shot.” The output of the “word length 1-shot” is a positive pulse with a duration equal to
the length of a digital word (350 µ sec. ). Each negative-going transition of the “word
length 1-shot” triggers a “data read 1-shot.” The output of the “data read 1-shot” is a
positive pulse with a duration equal in length to the commutated signal pulses in the intra-
oral transmitter (100µ sec. ). The “data read 1-shot” pulse is gated in an “OR” gate with a
clock signal to provide control of the “serial in/parallel out shift register.” The clock is a
free running multivibrator set to run at the same speed as the low speed clock in the A-D
converter portion of the intra-oral transmitter. The digital data pulses are fed into the clock
in order to force it into synchronization with the data train. A “clock delay 1-shot” is
triggered by the clock signal, creating a clock signal delayed from the original clock signal
by approximately 10 µ sec. The delay is provided so that the data appear at the serial input
of the shift register before the shift register is clocked. The data are shifted serially into the
shift register seven times whereupon the clock signal is inhibited by the data read pulse. At
this time the analog switch is opened by the data read pulse thereby allowing the voltage
on the resistance ladder network to be read. This voltage is an analog representation of the
digital number stored in the shift register and is a reproduction of the corresponding pulse
of the commutated signal in the intra-oral transmitter. The shift register is reset by each
positive-going transition of the “word length 1-shot.”

The pulse decoding logic circuit consists of two amplifiers, a sync. separator circuit, a
monostable multivibrator (1-shot), a clock, a decade counter, and ten analog switches. A
block diagram of this circuit is shown in Figure 9. The PAM signal from the A-D converter
is passed through an “impedance matching amplifier” prior to decoding and is used to



trigger a “high gain” amplifier. This amplifier is deliberately driven into saturation by the
PAM signal producing a signal which forces the clock into synchronization with the PAM
signal. The clock is a free running multivibrator which is set at the same rate as the PAM
signal. The “sync. separator circuit” detects the high amplitude synchronization pulse
which is used to trigger the “counter reset 1-shot.” The counter reset pulse resets the
decade counter with each sync. pulse. The PAM signal is gated through an analog switch
which is controlled by the saturated PAM signal. This switch insures that during the time
between pulses in the PAM signal no voltage can be present at the inputs to the nine
analog switches. The nine analog switches (controlled by a sequential set of pulses
generated by the decade counter) decommutate the PAM signal. The pulsed signals are
smoothed and amplified in DC amplifiers, the outputs of which are a reproduction of the
original intra-oral control signals.

Patient Fitting   A “Rancho Electric Arm” patient has been fitted with a metal dental
appliance which fits the lingual area of the mandible. A prototype control system has been
fabricated in this dental appliance for patient tests. Figure 10 is a drawing of the dental
appliance showing the relative location of the various circuit modules and components.
The strain gauge pressure sensors required for control of the “Rancho Electric Arm” are
mounted on a flexible printed circuit in the lingual area of the dental appliance. The A-D
converter and RF transmitter circuit modules are mounted on the buccal side of the left
molars. The battery pack is mounted on the buccal side of the right molars. The
transmitting antenna is placed in the mandibular buccolabial vestibule, extending from the
RF transmitter module to the battery pack. The multiplexer circuit module is mounted to
the underside of the printed circuit and is shown in Figure 11 prior to installation in the
dental appliance. Figure 12 is a photograph of the prototype intra-oral control (prior to
completion) showing the detail of the strain gauge pressure sensors.

Initial tests have shown that stable control signals can be obtained from inside the mouth
with this telemetry system. Further tests are being conducted to determine the degree of
control a patient can obtain with this control system and to determine the reliability of the
system.

Conclusions   The miniature, low power, multichannel, digital telemetry system which has
been described provides a means of obtaining control signals from inside the mouth. This
has considerable significance in the rehabilitation of severely paralyzed patients since most
of these patients retain full voluntary control of the tongue and the muscles of the mouth
and head. As a result, control systems which utilize these muscles to drive the control
transducers have widespread application.

Further work is required to develop the system into a functional orthotic control system
and to determine the degree of control a patient can obtain with the system. Work is also



required to reduce the size of the battery pack and to decrease the power consumption of
the voltage regulator.

This work was sponsored by the National Institutes of Health under Grant No. ROI AM
10826.
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Figure 1. - Spinal Cord Injured Patient Figure 2. - Photograph of A-D
Wearing “Rancho Electric Arm” Converter Circuit Module

with Extra-oral Tongue Switch Control Shown Magnified



Figure 3. - Block Diagram of Intra-ora Portion of Telemetry System

Figure 4. - Block Diagram of Multiplexer Circuit

Figure 5. - Block Diagram of A-D Converter



Figure 6. - Pertinent Waveforms of A-D Converter
(for two of the ten sample pulses)

Figure 7. - Circuit Diagram of RF Transmitter



Figure 8. - Block Diagram of D-A Converter

Figure 9. - Block Diagram of Pulse Decoding Logic

Figure 10. - Drawing of Dental Appliance showing location of Circuit
Modules and Components



Figure 11. - Photograph Showing Multiplexer Circuit Module
Mounted to Printed Circuit

Figure 12. - Photograph of Prototype Intra-oral Control (prior to completion)
Showing Detail of Pressure Sensors




