Chapter Sensor Design Close our ey es. Plug our ears. Hold our nose. Tie our hands ehind our bac k. Sh ut our mouth. Tie our sho elaces together. Spin ourself around few times. No alk. Ho do es it feel? That’s exactly what our rob ot feels: nothing{wi thout sensors. ou ha een giv en man yp es of sensors that can used in ariet of y to giv our rob ot information ab out the orld around it. In this hapter, e’ll explain eac of the sensors ou ha e, ho it orks, what it’s go for, and ho to build it. Before can teac ou what sensors do, need to mak one oin ery clear. Sensors are not magical xes. The phrase "Sensors indicate large LEGO rob ot meters o� our ort w, Captain!" will nev er app ear. All informa- tion ou get from sensors ust deco ded YOU, the uman builder and programmer. Sensors con ert information ab out the en vironmen in to form that can used the computer. The sensors that are on the rob ot can related to sensors found in umans. ouc sensors em edded in our skin, visual sensors in our retina, and hair cells in our ears con ert information ab out the en vironmen in to neural co de that our brain can understand. our brain needs to under- stand the neural co de efore ou can react. Since ou will programming the rob ot, ou will need to understand the output of the sensors efore ou can program our rob ot to react to di�eren stim uli. ak time to pla with eac of the sensors ou ha een giv en. Figure out ho they ork. Lo ok at the range of alues they returns, and under what conditions it giv es those alues. The time ou sp end here will greatly ease our in tegration of hardw are and soft are later. The etter ou understand our sensors, the easier it will for ou to write in telligible con trol soft are that will mak our rob ot app ear in telligen t. 109 110 CHAPTER 5. SENSOR DESIGN Sensors pro vide feedbac to our program ab out the en vironmen t. eedbac is imp ortan in an con trolled situation. Rather than using op en-lo o p, or timed programs that simply follo pattern but ha no real kno wledge of the orld, sensors can pro vide the feedbac necessary to let rob ot mak decisions ab out ho to act in its en vironmen t. The feedbac mec hanism is ery imp ortan in an en vironmen that is con tin ually hanging. During the rounds of the con test, the ob jects on the pla ying �eld will hanging their lo cation (ie. the other rob ot mo es, the dra wbridge closes, or ou bum in to blo k). strongly encourage ou to use closed-lo o feedbac design when planning and implemen ting our strategy There will smaller hance of random errors completely messing up our game if ou use sensors wisely See hapter for more information on the con trol problems ou ma encoun ter. 5.1 Analog vs. Digital Sensors The sensors ou ha can split in to basic yp es: analog and digital. Analog sensors can plugged in to the analog sensor orts, whic return alues et e en and 255. Digita sensors can plugged in to either the digital orts or the analog orts, but will alw ys return either or 1. ANALOG 255 DIGIT AL or Eac yp of sensor has its wn unique uses. Digital sensors, suc as push- buttons, can tell ou when ou’v hit all. Digital sensors alw ys answ er question ab out the en vironmen with YES or NO \Ha hit the all?" es if the switc is closed, or No if the switc is still op en. Analog sensors, suc as the end sensors or photoresistors can tell ou ho far the sensor has en t, or ho uc ligh is hitting the sensor. They answ er questions with more detail. Analog sensors, ho ev er can con e rted to digital sensors using thresholding. Instead of asking the question How much is the sensor ent? ou can ask the question: Is the sensor ent mor than half way? The threshold can determined pla ying around with the sp eci�c sensor. 5.2 Digital Sensors Digital inputs all ha pul l-up resistors connected to them as sho wn in �gure 5.1. Digital switc hes are wired suc that the sensor is wired across the signal pin 5.2. DIGIT AL SENSORS 111 and ground. This means that when the digital sensors is closed, the signal is grounded or LO W. When the switc is op en, the signal pin outputs +5V, or HIGH. This alue is INVER TED soft are, so reading the digital ort with the switc op en returns 0, while reading the digital ort with the switc closed returns 1. With nothing plugged in, the alue of digital ort should 0. Figure 5.1: Generic Digital Sensor Sc hematics. Digital sensors can used in the analog orts on the 6.270 Con troller oard as ell, relieving an restrictions the small um er of digital inputs ma cause. ypical analog alues for digital sensors are somewhat ab 250 for an op en switc h, and less than 20 for closed switc h. When using the IC command, digital(p ort){ where ort is an analog ort um er (ie. greater than 7){the sensor alue is compared to threshold alue, and the command returns if the analog alue is ab the threshold or if the analog alue is elo it (remem er the in ersion of the actual signal that digital do es?). This threshold’s default alue is 127, but it can hanged (See the section on IC commands for information on this). go to get digital information from an analog sensor is to plug the analog sensor in to analog ort and call it with the digita (int port) command. or example, re ectance sensor ould return for blac or for white if read with the digital command{pro vided the threshold is prop erly set. This can reduce some of the programming complexit abstracting the thresholding. ou should ho ev er exp erimen with the sensors to determine the range of thresholds ou get and under what conditions these thresholds are alid. 112 CHAPTER 5. SENSOR DESIGN It is not recommended to plug analog sensors in to digital orts, ho e e r, e- cause the digital orts threshold to con en tional logic lev els whic cannot adjusted to suit eac analog sensor. The alid analog readings ma fall in to the in alid range for digital logic. Here are some moun tings and uses for some digital sensors in the 6.270 kit. 5.2.1 Dip Switc hes There are four dip switc hes on the Expansion Board. They can used to select user program options during testing. One dip switc will used in the starting co de for the con test to determine the side our rob ot starts on and at whic frequencies it transmits and receiv e the mo dulated IR. They can also useful for outside con trol of program parameters, lik enabling certain functions or selecting programs to run. While these switc hes are connected to the analog ort, they are really digital switc hes. 5.2.2 Micro-Switc hes The standard kit includes three arieties of small switc hes, yp es whic are tec hnically micro switc hes and small push button yp e. These mak great ob ject detectors, so long as ou are only in terested in answ ering the question, touching something right now? with yes or no This is often enough for resp onding to con tact with all or the other rob ot or for actuator ositio sensing. limit switc can go to protect driv mec hanisms whic self destruct when e driv en. This could handy for limiting the motion of hinged join ts or linear actuators requiring that switc op en (or closed, dep ending up on the situation) efore running the motor and monitoring it while things are mo ving. They could also used for extended user in terface for testing and dev elopmen purp oses. The micro switc hes are double pull, whic means they can wired so that they return one or zero when not depressed. The only ma jor di�erence is ho ou think ab out the device in our co de. Reading sensor can though of as asking question. Here, the question could e, "Are ou op en?" or "Are ou closed?" If ou wire the switc normally op en, the answ ers are es and no, resp ectiv ely where they ould no and es for switc wired normally closed, all for the same situatio where the switc is not depressed. In some cases, sligh adv an tage ma result from one arrangemen t, ecause there ma di�erence et ee the ositio where the op en side mak es con tact and the closed side breaks con tact. When this is the case, the hoice 5.2. DIGIT AL SENSORS 113 Figure 5.2: Microswitc Assem blies 114 CHAPTER 5. SENSOR DESIGN of normally op en or normally closed will a�ect ho sensitiv the switc is to outside forces. This can allo ou to mak ery touc sensing device or help blo out noise. The small blac switc hes with the white lev er arm resp ond to shorter arm mo em en when wired normally op en and require little more mo em en to cause transition in the normally closed con�guration. Bouncing is problem found in man switc hes. the oin where the switc go es from op en to close or vice ersa, the output from the switc is ery glitc The switc ma output sev eral transitions. Bounciness ccurs esp ecially when the switc is used in sensitiv mo de. One to deb ounc the switc is to add dela et ee samples of the digital input. If the sampling is sparce enough, the ouncing section of the data will not collected. 5.2.3 Sharp IR Detect or While it ma not seem lik digital sensor ecause most of the ligh sensor deal with are analog, it is ona�de digital sensor ecause it detects infrared ligh mo dulated at 40kHz. Inside the tin can, there is IR detector, ampli�er, and demo dulator. The sensor returns HIGH when there is no 40kHz ligh t, and is LO when it see the 40kHz ligh t. There is lot of infrared ligh that is am bien in the air. Some comp onen ts of this ligh are at 40kHz, and straigh output from the sensor ould lo ok ery glitc The sun pro duces lot of IR ligh t, and in the sun, the sensor output ounces all er the place. eliminate the e�ect of the stra IR ligh t, the IR emitters are mo dulated at 100 or 125 Hz (see section A.7 for more information on the IR transmissio n) and the output of the IR Detectors is demo dulated to lo ok for these frequencies. 5.2.4 Ball Sensor The ball sensor can used to measure crude angular elev ations. This ear ou can use it to determine whether or not our rob ot has tipp ed e r. The the sensor orks is that the metallic ball connects of the metal leads in the clear casing. These sensors are just for fun, and ou can pla around with them to see if there ou can use them. The rob ots will mo with ery jittery motion. This will cause the ball to ounce around. The readings from the sensor will ery unstable. ou will need to erage the sensor data and ossibly tak data when the mac hine is stopp ed. 5.3. ANALOG SENSORS 115 5.3 Analog Sensors The analog orts all ha pul up esistor whic is 47K resistor et e en +5 olts and the signal input. The analog readings are generated measuring the amoun of curren o through the pull up resistor. If no curren o ws through the resistor, the oltage at the signal input will +5 olts and the analog alue will 255. The oltage at the signal pin can simply calculated y: sig 47 Figure 5.3: Analog Sensors Sc hem atics Reading the alue of an analog ort without sensor will return alue ab 250. With the sensor plugged in, the alue should less. This is one go to hec if one sensor fell out: write piece of co de that hec ks the alues of the analog orts that ou ha sensors plugged in to. If that alue is ab 250 or so, ha it tell ou to hec the sensor. There are basic arieties of analog sensors. 5.3.1 Resistiv Sensors The resistance of resistiv analog sensors, lik the end sensors or oten tiome- ters, hange with hanges in the en vironmen t, either an increase in ligh t, or 116 CHAPTER 5. SENSOR DESIGN ph ysical deformation. The hange in resistance causes hange in the oltage at the signal input the oltage divider relation. sig 47 47 sensor 5.3.2 ransistiv Analog Sensor ransitiv analog sensors, lik the photo transistors and re ectance sensors, ork lik ater faucet, where pro viding more of what the sensor is lo oking for op ens the setting of the alv e, allo wing more curren to o w, whic mak es the oltage drop across the resistor increase. As the oltage drop increases, the oltage at the signal decreases. photo transistor reads around 10 in brigh ligh and 240 in the dark. One problem that ma ccur with transitiv sensors is that the oltage drop across the resistor ma not large enough when the transistor is op en. Some transitiv devices only allo small amoun of curren to o through the transistor. larger range for the sensor can accomplished putting larger pull-up resistor. By ha ving larger resistor, the oltage drop across the pull-up resistor will prop ortional to the resistance. will giv example uses and moun tings for eac yp of sensor. Keep in mind that these are only simple examples and are not the only ossibl uses for them. It’s up to ou to mak creativ use of the sensors ou’v een giv en. 5.3.3 Bend Sensors Bend sensors ere origina ll designed Abrams Gen tile En tertainmen for use in the Nin tendo(R) er Glo e. They ha graciously donated the sensors to 6.270 for the past three ears. Bend sensors hange their resistiv alue as they are en in one direction, but do not hange alue if en the other They are quite fragile. They can break if en to far in either direction, and they are quite prone to damage from abrasion. There is also limit to ho far they can en efore the alue stops hanging signi�can tly It do es not tak great deal of pressure to end the strip. Bend sensors can used in ariet of ys. The simplest is as "w all feeler", where the sensor hanges alue as it comes in con tact with other ob jects (not necessarily just the all though). Another use migh gate for the blo ks 5.3. ANALOG SENSORS 117 Figure 5.4: Bend Sensor Assem bly 118 CHAPTER 5. SENSOR DESIGN as they pass in to the dy of the rob ot, where the alue hanges as the blo ks go through the gate. Moun ting end sensors is alw ys tric k. Hot glue is not recommended ecause it can damage the sensor. Mo deling cla is allo ed, but can to exible. One suggestion is to edge it et e en LEGO bric ks whose ends ha een cut bit to lea gap large enough for the sensor to edge in et e en. The double- sided stic ky tap from 3M migh ork ell for moun ting them in LEGO sized gaps. This ma add some exibilit in the moun ting whic can distribute the strain of extreme ending er larger ortion of the strip, hop efully eeping the sensor functional, ev e under harsh conditions. Putting la er of electrical tap or something similar e the ligh ter side ma go prev en tativ measure to eep scrap es and scratc hes from destro ying our sensors. When orking with the end sensors try to mak sure that they are not lo cated at sharp corner. Inadv erten jamming can cause the sensor to en to far. This can crac the resistiv etc hing whic will break the sensor. When using the endsensor assem bly the sensors can rubb er banded together to mak the sensor more rigid. 5.3.4 oten tiom ete rs Kits con tain sev eral sizes of oten tiometers, also kno wn as ots or ariable resistors. There are rotary and linear ots. As the knob is turned or the handle slid, the resistance increases or decreases. This will pro duce di�eren analog alues. oten tiomete rs should wired with Vcc and ground on the outside pins, and the signal wire on the cen ter tap. This will, in e�ect, place the resistance of the oten tiometer in parallel with the 47kilo pul l- up on the expansion oard and is more stable than just using one side and the cen ter tab to mak plain ariable resistor. oten tiomete rs ha ariet of uses. In the past, they ha een used for men uing programs and angle measuremen for arious rotating lim bs or scanning eacons. They can used with motor to mimic serv os, but that’s di�cult task. It is imp ortan to notice that the ots are not designed to turn more than ab out 270 degrees. orcing them farther is lik ely to break them. oten tiometer can attac hed to LEGO eam suc that it can used in place of end sensor. The rotation of the eam will pro duce rotation in the oten tiometer. See if ou can come up with an assem bly that can used in place of end sensor. The adv an tage to suc sensor is that it is uc sturdier than the end sensor. The disadv an tage is that it is bulkier. 5.3. ANALOG SENSORS 119 Figure 5.5: oten tiometer Assem blies 120 CHAPTER 5. SENSOR DESIGN Linear ots linear oten tiometer can use to measure precise linear motion, suc as gate closing, or co king mec hanism for �ring balls or blo ks. rob-knob The frob knob is the small white dial on the lo er left corner of the Expansion Board. It returns alues et ee and 255 and pro vides handy unser input for adjusting parameters on the y or for men uing routines to select di�eren programs. ou ma �nd it useful to glue small LEGO piece to the frob knob to mak turning it easier. 5.3.5 Photoresistors photoresistor hanges its resistiv alue based on the amoun of ligh that strik es it. As the ligh hitting it increases, the resistiv alue decreases. They are somewhat sensitiv to heat, but stand up to abuse ell. ry not to er heat when soldering wires to them. As with all the ligh t-sensing devices, shielding is VER imp ortan t. prop erly shielded sensor can mak the di�erence et e en alid and in alid alues rep orted that sensor. The idea is simple: restrict the amoun of ligh striking the sensor to the direction ou exp ect the ligh to coming from. ou do not an ligh from external sources (ie camera ashes or sp ot ligh ts) to in terfere with our rob ot. Blac heat shrink tubing often orks ell to shield the photoresistor from external ligh sources. One go to get feel for ho these sensors ork, and ho our rob ot and soft are in teract, is to mak ligh t-sni�er. With or more photoresistors, try to create simple rob ot that can mo around ro om, either oiding ligh or oiding shado ws in con trolled manner. Am bien ligh conditions pla ma jor role in ho to in terpret the data from an ligh sensors. com bination of photo cells, one oin ted up and one oin ted do wn, ma used to adjust for am bien ligh lev els, whic ma useful in some application s. Photoresistors are probably the only sensor required to on our rob ot. starting ligh will used to start eac con test round, and the rob ot ust able to sense that ligh t. ou ust place one photoresistor on the underside of our rob ot, probably near the cen ter. Be sure to shield it as uc as ossible from the erhead am bien ligh t. will pro vide starting co de that reads the alue of that sensor to start the matc h. 5.3. ANALOG SENSORS 121 Figure 5.6: Photoresistor Cells 122 CHAPTER 5. SENSOR DESIGN Moun ting the photoresistors do esn’t tend to di�cult. ou can use small amoun of hot glue to attac the photo cell to LEGO bric k, or double-stic ky tap will also ork. Be in en tiv e. 5.3.6 Photo ransistors Figure 5.7: Photo ransistor Assem bly They ha similar prop erties to the photoresistors. The main di�erence is that the phototransisto rs are usually tuned to sp eci�c e length. The other imp ortan di�erence is that the time dela for hange in ligh conditions is 5.3. ANALOG SENSORS 123 uc smaller for phototransis tor. This can useful in doing fast con trol lo oking for olarized ligh t. The re ectance sensor in �gure 5.9 can used as phototransi stor alone if ou run out of phototransis tors or do not get enough range on our phototransistor. 5.3.7 Re ectance Sensors re ectance sensor is made up of com bination of an infrared or red LED and phototransis tor that is sensitiv to the elength of ligh eing emitted the LED. Ov er dark surfaces, the ligh is absorb ed, whereas er ligh surfaces, the ligh is re ected bac to the phototransisto r. re ectance sensor (�gure ?? can made using discrete comp onen ts instead of using the OPB5447 sensor sho wn in �gure 5.9. This sensor ma giv etter range at further distance from the re ected surface. The re ectance sensors are useful for detecting what color the o or is. They could also used as ob ject detectors, but they are ery near sigh ted and quite resp onsiv to outside ligh ting. In an applicatio n, go shielding is an absolute requiremen if an reliabili is desired. The sensors are ery sensitiv to distance from the re ectin=g surface. Distances greater than an inc will giv ery or reading, and distances that are to small will not allo the righ to re ected. The angle at whic the ligh is re ected to the surface is imp ortan and can pro duce etter or orse results at di�eren distances. 5.3.8 Motor-F orce Sensors There are four motor force sensors built in to the 6.270 Con troller oard, at- tac hed to motors through 3. These sensors are included to detect when the motors migh stalled. When the motors stall, they dra large amoun of curren t, whic app ears as large oltage on the analog inputs to the 6811. When motor force alue increases sharply that’s go sign, but not guar- an teed, that the motor ma stalled. The alue that it reac hes will dep end on the load attac hed to the motor. Exp erimen stalling the motor ourself while prin ting the alues on the LCD to determine threshhold that’s righ for our rob ot. Motor force alues are not ery accurate when ou are driving the motors at an ything less than 100that is used to driv the motors at lo er sp eeds will cause the alue to oscilla te wildly so it is recommended that ou only use this information when ou are driving motor at full sp eed. 124 CHAPTER 5. SENSOR DESIGN Figure 5.8: Re ectance Sensor 5.3. ANALOG SENSORS 125 Figure 5.9: OPB5447 Re ectance Sensor 126 CHAPTER 5. SENSOR DESIGN 5.3.9 Breakb eam Sensors Figure 5.10: Breakb eam Sensor using discrete comp onen ts. Breakb eam sensors are another form of ligh sensors. Instead of lo oking for re ected ligh t, the photosensor lo oks for direct ligh as sho wn in �gure 5.10. The sensor is useful in detecting opaque ob jects that prev e the ligh eam from passing through. This can useful in detecting blo et een gripp er, or when blo passes through passagew The sensor do es not need to detect the blo ery quic kly so the phototransistor can plugged in to the analog 5.3. ANALOG SENSORS 127 Figure 5.11: Breakb eam Assem bly 128 CHAPTER 5. SENSOR DESIGN ort. The breakb eam sensors can also used for coun ting holes or slots in disk as it rotates (see �gure 5.12), allo wing distance tra eled to measured. Since this requires ery fast sampling, the sampling needs to done at the assem bly language lev el. ha implemen ted shaft-enco der routines to do the fast sampling. But inorder to use these routines the sensors should plugged in to the lo er digital orts if the rate at whic the holes or slots go is ery high. Figure 5.12: Shaft enco ding using LEGO pulley Wheel Before ou use the analog sensors in the digital switc ou ust mak sure that there is full swing in the analog reading from when the ligh go es through to when the ligh is blo ed.