Object classification using robotic manipulator instrumented with sensors 
Introduction

At the United States Naval Academy in the Systems Department the honors program requires students to take upon a project that they carry out for three semesters. The first semester is devoted to writing a project proposal. The students explore literature to find a project of their own interest and produce research and realization proposals. Proposals are written in a journal paper format. Next semester is spent on in-depth research and experimentation and during the last semester the students build their projects. The project in this paper is at the beginning of its third phase. Having well motivated students focused on their own project allows more in-depth engineering principles to be integrated, number of iterations to be tried out and leaves appropriate amount of time for students to complete full project cycle. 
The objective of the project is to be able to localize the objects from a specified set and interact with them using a robotic manipulator sensor suite.  Target objects will be localized using a fixed camera tracking system and material type, roughness and temperature will be classified using sensors.  The use of a robotic manipulator is desired since this task is repetitive and possibly implementation includes industrialized settings where the environment is unsafe for humans.  In this type of application the reliability of the manipulator instrumented with appropriate sensors provides for superior results. 

 
The paper will present sensors developed for the object classification component of the project.  This study was motivated by a desire to further understand the sensing capabilities of a variety of sensor types along with the necessary calibration and interfacing needed to obtain usable measurements.  The first step of the study was researching the state of the art in sensor technology. The next step was desired object properties specification, followed by selection and acquisition of necessary sensors and their calibration.  Future work for this project will include designing a sensor housing to be manipulated by robotic arm.  Effective sensor mounting will allow the sensors to interact with a specified target object and provide useful data.  The final step will be implementation of a fully automatic object classification procedure.
As previously stated, the three selected object properties desired for this project are material type, roughness and temperature.  The capacitive sensor is used to classify material that the project is made of. The set of materials is predetermined and dielectric constant is measured using a capacitive sensor. The sensor consists of two wire leads that generate an electric field. The capacitance measured depends on dielectric of the material present in the filed. The sensitivity of the sensor allows us to place the target object into one of three material type categories: metal, wood, or plastic. The scope of the project focuses on three samples: wood, PVC and Aluminum as representatives of the given categories. It is necessary to calibrate the sensors for each sample before the robot will attempt the classification. The roughness sensor consists of a phonograph needle which will be calibrated to determine the surface characteristics of the target object. Again three levels of roughness are considered as a demonstration of the measurement principle. Lastly, a non-contact infrared thermopile sensor will be included to obtain the objects temperature.
Sensor suite
Capacitive Sensor:



The main motivation behind the capacitive sensor was based on the idea that the dielectric constant in the capacitance equation, 
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 will vary depending on the type of material placed in the vicinity of the sensor [1]. The notation used in this equation is: C stands for capacitance, ε is dielectric constant of the material, d is the lengths of conductors used as capacitor and the constant depends on the geometry of the sensor. Therefore, each specific material type will produce a unique capacitive result.  Under stable conditions, when calibrated for a specific set of materials this sensor is capable of providing data useful in determining what material is in the surrounding environment. It is important to understand that the exact value of the dielectric constant does not play significant role in this project. The pre-calibration of the sample set allows simple categorization. 
There were numerous iterations in the design of the capacitive sensor; however the final design consisted of two wire leads laid side by side. See the Figure 1. 
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Figure 1. Capacitive sensor

Capacitance-to-digital converter AD7746 was used to measure sensor capacitance and transfer the data to the computer for analysis [2].  The digital signal output from the converter is transferred to the Rabbit 2000 microprocessor via an I2C protocol.  A software program written in C code was developed to collect large number of measurements and compute mean values. By using statistics the stability and the repeatability of the final readings was improved several fold. MATLAB program was used to compare different runs.  To ensure the surrounding environment (electrical field) conditions remained stable during data acquisition the capacitance-to-digital converter along with the connection to the I2C was enclosed in a grounded copper enclosure.  Capacitive to digital converter is sensitive to temperature changes. Since it is critical for the proper function of the system to have best possible resolution the setup was enclosed in Styrofoam to further stabilize surrounding temperature conditions that could produce measurements offsets to the point that proper classification would be compromised. The Styrofoam enclosure is not shown in Figure 1.

 Since the leads on the capacitive sensor are conductive and we have metal target object, Teflon insulation was used.  During the final testing of the capacitive sensor (See Table 1.) the setup proved to be extremely stable under varying environmental conditions (humidity and temperature changes). Even if disturbed the sensor readings still showed clear distinction between the various material types selected and remained stable through an extended time frame (days).

Table 1. Capacitive sensor data
	Material Type Classification Based on Capacitance

	Material
	Mean Capacitance [% Full Scale]
	Relative Uncertainty [ppm]

	Air
	0.59597
	7

	Wood
	0.59931
	7

	PVC
	0.59705
	7

	Aluminum
	0.5732
	50



Table 1 provides clear distinction of the material types based on the capacitive readings obtained.  However, prior to using this sensor it is necessary to create a databank of values that relate specific capacitive values to given material types under a variety of environmental conditions.

The housing setup described above for the capacitance-to-digital converter was far too large to mount on any robotic manipulator and therefore needed to be adapted to achieve the overall goal of the design project.  The two leads of the capacitive sensor are capable of being extended out away from the capacitance to digital converter using coaxial cable while still providing reliable measurements.  This setup will allow the capacitive-to-digital converter housing to remain stationary near the base of the manipulator while the sensor itself, which is only 6.5cm in length, can be mounted on the sensor suite.
Roughness Sensor:


The roughness sensor used in the project is the Stanton 400.V3 phonograph cartridge and stylus.  The cartridge is capable of providing a frequency response between 20 Hz and 15 kHz, the stylus is spherical with a 0.7 millimeter diameter and the cartridge weighs 5.5 grams.  Our first task with the Stanton 400.V3 was to determine how the cartridge worked.  See Figure 2.
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Figure 2 Roughness sensor.


Work on the stylus began by obtaining an operational amplifier so that a buffer could be built for testing the sensor.  The operational amplifier chosen was the MCP601 Single-Supply CMOS Op Amp.  After determining the proper pin layout, the cartridge was connected to the operational amplifier and a view the output results from the sensor were produced on the Oscilloscope.  The ground and the 5V power supply used for this sensor were drawn from the Agilent and the 47 kΩ resistor represents the ideal recommended load for the sensor.



Motion of the roughness sensor cartridge from right to left was produces the ‘left’ signal output and the ‘right’ signal output corresponds to the motion of the cartridge from left to right.  If the ‘left’ signal output is connected, but the ‘right’ signal is not and the user attempts to move the cartridge to the right, no signal will be generated.  This information proved useful since it is optimal in this project that while sliding the cartridge in both directions the cartridge is capable of obtaining data to obtain signals for comparison.  This comparison will allow determination of the roughness profile when the stylus travels same distance at the same speed.

Again the scope of the project concatenated on the basic roughness measurement principles and building roughness sensor, and was not intended to be methodical research in the area. In the final step of the project more detailed analysis will be performed.
Temperature Sensor:

The third and final sensor to be implemented on the sensor suite is the Thermalert CI, compact infrared sensor made by Raytek.  Obtaining the temperature from an object without coming into contact with it is an extremely valuable sensing technique.  Temperature is of interest for this project because the other sensors are heat sensitive.  Prior to allowing the tactile sensors to come in contact with the target object its temperature will be acquired an evaluated to ensure safe use of the material type and roughness sensors.  An infrared sensor can accomplish this task because all objects with a temperature above absolute zero emit radiation in the infrared region [3].  In essence the hotter the object, the greater amount of radiation it emits.  This sensor is ideal because it will be non-invasive and its implementation and use are fairly simple.  The distance range of 1 – 2 inches is anticipated.  The only requirement for accurate data reading is that the target object must be able to completely fill the field of view of the sensor.  
Future Development

Future work will consist of designing a mounting block for these sensors that a robotic manipulator (Scorbot Er-V) is able to control in a way in which we can have the manipulator interact with a target object and collect useful data.  The preliminary drawings for the sensor housing will consist of a five-sided rectangular box made from thin aluminum metal. 

The capacitive sensor will be mounted on the lower corner of the long side of the housing with only the sensor leads protruding from the box.  The coaxial cables that will be used to link the capacitive sensor to the capacitance-to-digital converter will be run from there stationary position next to the base of the manipulator along its frame and be fed down through the top of the housing box.  Since capacitive sensor needs to acquire data when rest flush against the target object surface, this simple setup will work. 

In order for the roughness sensor to be useful in future applications it must be capable of obtaining repeatable and consistent measurements.  The cartridge will need to travel a specified distance at a constant speed for every measurement.  This will be accomplished by mounting the cartridge on a stepper motor.  Once mounted, the stepper motor will be attached to the inside of the housing box and to ensure steady measurements the lead screw of the motor will drive the stylus housing through a T-slide.  Wiring to the stepper motor as well as the cartridge will be connected in the same fashion as the capacitive sensor.  The wires will travel along the frame of the manipulator until reaching the sensor housing.  The bottom of the sensor housing will have a small opening approximately the length of an inch for the roughness sensor to take its measurements.  The distance the stylus travels will be regulated by the encoder counts of the motor as well as stop blocks being placed on both ends of the travel path.  To ensure contact between the stylus and the desired surface small pieces of Teflon will be attached to its bottom so as the manipulator lowers the sensor into position contact can be assured without fearing damage to the stylus.  Calibration will be achieved through developing three roughness levels for the stylus to detect on wood.  The wood will have 1 surface that is smooth, 1 surface with a medium level of roughness and 1 surface with a higher level of roughness.  The roughness will be applied to the object surfaces by having a machine shop smooth 1 piece and then apply 2 different roughness levels using different grades of sand paper or some other mechanism.  Signal conditioning still needs to be developed to take the output of the Stanton 400.V3 cartridge to the Rabbit microprocessor in order to store a wide range of roughness signals in the computer for further analysis.

The infrared temperature sensor which is 3.5 inches in length will be mounted to the short side of the sensor housing box.  This will be accomplished using an L-shaped mounting bracket and the wiring to connect the temperature sensor to the microprocessor will be done in the same manner as the previous two sensors.  Interfacing from the temperature sensor and the roughness sensor to the microprocessor still has not been achieved.
Conclusion

This paper presents a student project on object classification using several sensors. It is a good example of the scope of the project that a systems honors student can carry out during three semesters. It is important to mention that student started from scratch, not having much experience on building sensors or signal conditioning circuits prior to this project. Having fully functioning sensors was a significant achievement.
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