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SUMMARY 

This study deals with the design, construction and testing of a remote 

manipulator for solid waste collection. The manipulator can be mounted on a 

truck and can collect bags of solid waste which have been placed at the curbside. 

The rapid growth of home solid waste generation together with the high 

labor cost associated with collection requires a grea ter efficiency of collection. 

A remote manipulator reduces the collection crew from four men to one man 

and eliminates the necessity of stopping the vehicle. 

The manipulator constructed has three degrees of freedom and is rotated 

by small revers ib le a i r moto r s . It is remote controlled by the pick-up truck 

dr iver . A proportional servomechanism was developed using on-off valves to 

control the manipulator. The mechanical par t s of the manipulator, including 

its l inks, their rotational pa r t s , and motion conver ters were built and tested. 

The pneumatic components were assembled with the mechanical components and 

positive resul ts were obtained in the t e s t s . The proportional control handle of 

the manipulator, including some of its electrical par t s , a r e demonstrated. 

Due to the use of the on-off proportional control,a l imit cycle is unavoidable. 

However, it is shown that good performance can be achieved at reasonable 

switching frequencies. 

The manipulator that was constructed is only a prototype, at high volumes 

of production it is suggested that oil be used instead of a i r , and the manipulator 

should be able to pick up more than one bag at a t ime . 



CHAPTER I 

INTRODUCTION 

Motivation for the Problem 

Continuing technological p rogress and improvements in methods of 

manufacturing, packing, and marketing have resulted in new conveniences for 

the consumer and a rapid growth of the urban solid was te . With the appearance 

of aluminum containers , plastic wrappings, "no re turn" glass bottles, and metal 

foil, the mater ia l discarded by purchasers has increased drast ical ly in bulk and 

has been al tered dramatical ly in i ts charac te r i s t i c s . 

Whereas , the average American was responsible for 2.7 pounds of t r a sh 

per day in 1920, per capita solid waste accumulation is now more than five 

pounds per day. Solid waste from urban a r ea s is estimated to be near 185 million 

tons per year . This represents a 60 percent increase in the nation's tonnage of 

solid waste since 1950, twice as great as the percentage population growth for 

the same period. Fur the rmore , the annual tonnage is expected to increase by 

another 50 percent in the next decade. 

In the U.S. 1.6 billion dollars a re spent each year for solid waste collec­

tion and disposal . The collection and transportat ion of solid waste still accounts 

for 75 to 80 percent of the cost of disposal in urban a reas f l ] . 

Inefficient and improper methods of collection of solid wastes resul t in 

scenic blights and crea te hazards to public health, including pollution of the a i r 
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and accident hazards . 

A study of the problem was made by a group of graduate students in a 

complex system design course at the Georgia Institute of Technology [2] . The 

study concluded that grea ter efficiency could be obtained by replacing the current 

garbage collection system, which requi res a crew of four, with an automated 

curbside pickup system, necessitating only one man. This automated system 

would requi re that the waste be put in standard sized plastic or paper bags and 

placed on the curbside pr ior to pickup. The "garbage man" operates alone never 

leaving the cab of his truck. The action will resul t in sufficient monetary savings 

by substantially lowering the cost to the homeowner while upgrading the l abo re r ' s 

and communit ies ' environment. 

The rapid growth of automated mate r ia l s handling equipment is truly 

amazing. The r is ing cost and decreasing availability of labor and the tremendous 

increases in productivity concurrent with automation have provided stimuli for 

implementing innovative sys tems . 

In the area of waste management sys tems , attention has been given to 

trucks which load automatically at the curbside. The purpose of this thesis is to 

demonstrate such a system. 

The Pickup System Approach 

The remote control pick-up a r m for such an automatic-loading truck has 

been designed and built and is described in this thes i s . The system considered 

has the capability to automatically load waste from the curbside. Thus the crew 

size is reduced to a single truck dr iver . The vehicle will load both lawn refuse 



Figure 1. A One-Man "Garbage Truck' 

c: 



'.' 

and garbage packed in bags and placed at designated locations at the eurbside. 

The vehicle 's features can include a compactor designed to operate while the 

vehicle is moving between pickup points shown in Figure 1. 

This designed feature can resul t in more pickups per hour than with the 

conventional vehicle. The overall effect of reduced manpower and higher r a t e s 

of vehicle utilization offer the potential of increased productivity. 

The objective of this thesis was to design and build a pickup a rm , and to 

demonstrate i ts operation. 

The Structure of the System 

The initial requirement of the system is the ability to pick up a garbage 

bag of approximately 50 pounds weight within a limited distance from the t ruck. 

The s ize of the s t ruc ture is designed to meet that limitation while having th ree 

degrees of freedom. The system is to be mounted on the bumper of the truck 

as shown in Figure 2. 

The Working Medium 

When considering the working medium there were the following al ternat ives: 

oil, e lectr ici ty, or a i r . The f irst was eliminated because of leakage problems in 

hydraulic components and their higher cost . This is only a problem on a pro to­

type such as designed here . At high volumes of production oil may well be cheaper 

and leakage not a problem. Electr ical driving components, both A .C . and D .C . 

were eliminated because of their relatively high weight and their need of heavy and 

large power supplies such as a generator . 



Air was chosen as the working- medium. The disadvantages of pneumatic 

sys tems a r i se from the inherent compressibili ty of a i r , a factor which unfor­

tunately contributes to the t ime lag of the components. In spite of this drawback, 

sys tems can be designed with excellent dynamic charac te r i s t i cs , often superior 

to hydraulic and electr ical systems in the same application c l a s s . Pneumatic 

components can be built into the system offering a high degree of dependability 

and safety along with relatively low cost and weight. Assuming that the rotational 

motion will be produced by a motor, the advantages of an a i r motor over an e lec­

tr ical motor for the objective system will be mentioned la te r . 

The Driving Mechanism 

There were some alternatives on ways of t ransferr ing multi-rotational 

motion of the motors into the semic i rc le motion of the a r m . The al ternat ives 

considered were: 

(1) To mount a motor on the a rm that, with right gear reduction, would have 

enough power and speed to operate the a r m . 

(2) To mount the motor on a base and the ro ta ry motion is t ransfer red by chains 

or belts . 

(3) To have the a rm moved by a power driven screw. A relatively small motor 

is then enough to rotate the screw. 

The first and second al ternatives were eliminated because of their high weight 

and cost . The third al ternative has been chosen. 



The Control System 

The function of the control system is to bring the manipulator to a position 

required by the operator . The operator is the dr iver of the solid waste collection 

truck. lie should be able to control the system while driving, thus it should be 

as easy as possible to control the manipulator, 

A proportional servosystem was designed as the controlling mechanism. 

In order to move the end point of the manipulator from one point to another, a 

proportional small scaled system is available to the operator in the truck cab. 

When the end point of the "smal l" manipulator is moved, the "big" manipulator 

will move proportionally. 
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CHAPTER II 

MECHANICAL SYNTHESIS 

Structure Design 

System Output Requirements 

The manipulator is to be mounted on the left side of the pickup t ruck ' s 

bumper. This will increase the a rea , with respec t to the t ruck, that the bag 

can be picked up while decreasing the size of the s t ruc ture . Actually this is 

only for the prototype built. In production the a r m would be at the right side 

along with the steering wheel and the dr iver , for the same reason that such is 

done with mail delivery vehicles. 

The functional requirements of the solid waste collector a r e as follows: 

(a) The collector must be able to pick up a 50 pound plastic bag lying no c loser 

than 2 feet and no further than 9 feet from the t ruck. The operational 

a rea of the system is shown in Figure 3 . 

(b) The end point with the bag is required to move at a speed of 3 m . p . h . in any 

direction and the acceleration is to be .3 g in any direction. 

(c) The cycle required of the manipulator is such that after the "hand," which 

is the device that catches the bag, places the garbage in the back of the truck 

it will re turn to a convenient driving position. 

Manipulator Size Design 

A three degrees-of-freedom manipulator has been chosen to fulfill the 
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pick-up function. The manipulator is made of three l inks. Referring to Figure 2, 

it can be scon that link 1, the link to which the pick-up hand is attached, is pin-

jointed to the middle link (link 2). Link 2 i s , in turn, pin-jointed to link 3 (the 

grounded link). Both link 1 and link 2 a r e able to rotate independently within a 

vertical plane. Link 1 and link 2, rotating as one piece, a r e able to inscr ibe a 

horizontal plane about the bumper-mounted link 3 . 

The cycle of the manipulator is such that after the garbage bag is grasped 

as shown in Figures 4 and 5, links 1 and 2 will become horizontally straight and 

perpendicular to link 3 (see Figure 5). At this t ime the straightened links 1 and 

2 will ro ta te about link 3 until the bag is positioned above the truck bed as shown 

in Figure 6. The bag is then dropped and the manipulator re tu rns to i ts initial 

position; this position is a function of driving convenience. 

The length of the links were determined by the following constraints: 

(1) The "hand" at the end point of link 1 must reach the bag within the pick-up 

area as presented in Figures 3, 4, and 5. (2) Link 3 should be high enough such 

that the truck will not interfere with the horizontal rotation movement of links 1 

and 2, the hand, and the garbage bag (see Figure 6). The length of the links 

was found to be GO" for link 1, link 2, and link 3. 

When the manipulator is in a position such that link 1 and link 2 a r e hor i ­

zontal and rotating about link 3, there is a la rge moment on the rotational joint, 

In order to reduce some of the moments a supporter is added. The supporter 

is attached at one end to the connector between link 2 and link 3 as shown in 

Figure 7. The connector allows link 2 to rotate in a horizontal and vert ical plane 
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Figure 4. The Manipulator in the Closest Position 
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Figure 7. Schematic Drawing of the Manipulator. 



:L 

with respect to ground. The other end of the supporter is rotating on a bearing 

attached to link 3 . The supporter can be adjusted in length by a turnbuckle such 

that as much force as needed can be taken from the rotational joint and t rans fe r red 

to link 3 (see Figure 7). 

Cross Sectional Area of the Links 

The calculations of shape and size of the l ink's c ros s section were made 

for the manipulator cri t ical positions, those positions subject to the greatest 

s t r e s s e s . The cr i t ical position is when the two a r m s , link 1 and link 2, a r e p a r a l ­

lel to ground as shown in Figure 8. At this point the distance between the load and 

the beam's end a r e maximum result ing in the greates t moment. 

Link 1 was temporar i ly assumed as a weightless beam fixed at one end 

with a load on the other as shown in Figure 9. The design for deflection was 

done in the following way: 

F = m*a 

M = F - L 

M 
and, Z = — (1) 

In this case a vert ical s t r e s s upon a link is much grea te r than a horizon­

tal s t r e s s . A rectangle c ross section with side legs longer than the base legs 

was chosen. The general dimensions of the c ross section a r e shown in Figure 10. 

The section modulus and area of the rectangle is given in equation (2). 

bd 3 -hk 3 
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but, k 

and, h 

so Z 

and, A 

Because the length and density of the beam a r e constant, the minimum area of 

the section for the required section modulus found by equation (2) will give the 

minimum weight of the beam to withstand the s t r e s s e s . 

The section modulus versus the c ross sectional a rea were found by the 

computer program shown in Appendix B. The input section s izes were taken 

from a manufacturer 's stock l is t [ 3 ] . When the cor rec t section a rea was found, 

the beam was rechecked for deflection including its own weight. It was assumed 

a cantilever beam with a distributed load on its length and a concentrated load on 

i ts end as shown in Figure 10. The maximum s t r e s s on the beam was found to be 

the following: 

The weight of the link: 

W = ALp 

The force that the weight applies-. 

F = W -
g 

The total s t r e s s result ing from the force at the end and the weight of the link is : 

= d - 2t 

= b - 2t 

3 3 
bd - (b-2t)(d-2t) 

6d 

= (bd) - (b-2t)(d-2t) (2) 



For link 2 the same calculations were done. The numeric calculations 

and resul t s a re presented in Appendix A. 

Link 3 is the link that connects the horizontal links with the ground, which 

in this case is the bumper of the truck (see Figure 11). Its cr i t ical position 

s t r e s swise is when the two links a r e straight and horizontal; then the manipulator 

can be assumed as a frame shown in Figure 12. 

The deflection of the frame was found by Castigl ian 's theorem [4] . The 

deflection of the forces were determined separately then summed in order to 

obtain the total deflection. In order to calculate the deflection of the vert ical 

link (link 3), the horizontal links were assumed to have only horizontal deflection; 

the vertical deflection was neglected. 

Castiglian's theorem states that, if external forces act on an elastic 

member or s t ruc ture , the displacement in the direction of any one of the forces 

at the point of application oi the forces is equal to the part ial derivative of the 

total internal work of deformation with respect to the force. 

For this member , link 3, the deflection with any one of the forces acting 

on it separate ly is : 

p M dM , 
L = J IT I F d y 

o 

M = P H P v 
Br 

3M v 
3 P H 

A -
^h i 

E I ^ " 1 p
ny)ydy <4) 
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But there is no horizontal force applied on the frame so, P == 0 
H 

A - p * r h j P ^ h2 

^ r JO
 ydy = if" T (5) 

In order to find the total s t r e s s of the frame at the cri t ical point the s t r e s s and 

deflection that each force applied were summed; 

h2 / 
2EI V LI L I Ml Ml L2 L2 B B 

S = - f f ^ i , + W ^ £ , , + WT 0 f. , + Wx L. ) (5) 
Z \ L H 1 Ml Ml L2 L2 B B / K } 

The calculation and resu l t s of the l inks ' dimensions a re given in Appendix A. 

The actual size and shape of the links a r e given in Figure 14. 

Power Supply Design 

The torque needed to rotate each of the links has to be calculated in order 

to find the required power supply to fulfill the rotational function. 

The rotational moments of the first is found by assuming it to be a cant i ­

lever beam with its own weight being a distributed load at the free end. The 

torque to overcome the moment of inertia is found by assuming the link to be a 

slender rod with the weight of the bag at the free end as shown in Figure 13. 

T^ = W^ L -
B B g 

I, a 
L L 2 g 
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Figure 14. The Links oi' the Manipulator. 
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T 2 l T 2 

t = m B L + 3 m L L 

V1" 
TW = T B + T I , + T I <6> 

The required velocity of the end point of the link is 3 m . p . h . , so the angular 

velocity is: 

V 
W = L 

* F G 0 <7> 

The maximum torque required to rotate the second link is when it is 

s traight with the first link. The moments applied by the weight of the links, the 

bag, and the power supply of the first link, can be found by assuming the a r m to 

be a cantilever beam with concentrated loads as shown in Figure 16. The a r m 

is accelerat ing so each of the weights a r e accelerat ing proportionally to i ts d i s ­

tance from the center of rotation as shown in Figure 15. In order to calculate 

the torque that resu l t s from the moment of iner t ia , the beam was assumed to be 

a slender rod with a weight at the free end {the bag), at the middle (the power 

supply), and the weights of the links themselves (see Figure 16). 

IL I = ml(f-L$» 

JL2 = l 2 m L 2 L 2 
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'M = T T'2 

W B 2 
rB = T (L: + L2) 

'total = I L 1 + I L 2 + IM + IB 

a 
L1+L2 

T - Wia <8> 

Adding this with the torque found in equation (6) gives: 

T = T + T 
total W I 

V L 
CO (L1+L2) 

n - IT •60 (9) 

The calculations and resu l t s a r e given in Appendix B. 

The third torque to find is the one which is required to rota te the two 

straight links in a horizontal plane. The torque resu l t s from overcoming the 

inertia of the a r m . The a rm is assumed to be a slender rod with the weights 

considered before as shown in Figure 17. 

1 = L L 2 m 
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1 / 2 2 2 2 
1 = ~ IWT 0L2 + VV L + WT LI + W I, 

g \ L2 M M LI B B 

T = l a 

V 3 
OJ = ~ (10) 

B 

The tangential accelerat ion can be calculated knowing angle of rotation and initial 

and final angular velocit ies. 

2 2 

The calculations and resul ts a re given in Appendix B. 

Mechanical Elements 

Ball Bearing Screw 

The weights of the driving mechanism were found to be too heavy for the 

direct t ransfer of the torques needed to rotate the l inks. 

Chains, bel ts , gea r s , sc rews , and ball bearing screws were considered 

as motion t ransfer devices; the ball bearing screw was chosen. 

A ball bearing screw is a force and motion t ransfer device belonging to 

the family of power t ransmiss ion screws- (See Figure 18.) It replaces the 

sliding friction of the conventional power screw with rolling friction of bearing-

bal ls . The bearing balls circulate in hardened steel r aces formed by concave 

helical grooves in the screw and nut. The load between the screw and nut is c a r r i ed 

by the bearing balls which provide the only contact between the nut and screw. As 
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Figure 18. Ball Bearing Screw and Nut. 
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the screw and nut rotate relative to each other, the bearing balls a r e diverted 

from one end and car r ied by ball return tubes to the opposite end of the ball nut. 

This recirculation permi ts unrest r ic ted travel of the nut in relation to the screw. 

The advantages of ball bearing screws a r e the following: 

(a) High efficiency—approximately 90 percent when converting ro ta ry 

to l inear motion 

(b) Stepless control over entire stroke 

(c) Position repeatability 

(d) Negligible heat expansion due to friction—no st ick-s l ip 

(e) Smaller power source and t ransmiss ion components 

(f) Uniform feed under varying load conditions. 

The ball bearing screw is a combination of a regular screw and a ball 

bearing. In calculating the right s ize to be used, the design of the two should be 

taken into consideration. The design considerations a re : 

(a) The g rea te r the pitch, the faster the nut will move, which will 

make the link rotate faster* 

(b) Increasing the pitch resu l t s in a l a rger torque input which will 

make the a i r motor slow down and the link will move slower. 

(c) Cost and weight—the l a rge r the pitch, the higher is the cost and 

weight. 

(d) Strength—the diameter of the screw has to be large enough not to 

bend or buckle from the forces . 

(e) Life expectancy. 



bearing screw in i ts cr i t ical position has to be determined. The torque is a func­

tion of the axial load that the link applies to the ball bearing screw, hi order to 

find the axial load applied on each of the ball bearing sc rews , the mechanism and 

position of the ball bearing screw moving the link has to be determined. 

Motor Screw Mechanism and Position 

The mechanism that was chosen to rotate the link consis ts of a ball bea r ­

ing screw that obtains its rotational motion from a motor connected to i t . The 

motor - sc rew unit is pivoted to a static point. The nut of the screw is pivoted to 

the rotational link. When the screw turns , the nut is moving l inearly which makes 

the link to rotate while the motor -sc rew unit and nut a r e rotating on their pivot 

points as shown in Figures 19 and 20. 

The angle of the motor - sc rew unit has to be determined such that only 

minimum axial force is applied to the screw. The axial force is proportional to 

the load of the link. It i s des i rable to find the position of the screw with respect 

to the link in which the axial force on the screw is the smal les t for the position in 

which the moment is maximum. 

The axial forces a r e checked for a cer tain pivoting angle between the link 

and the motor, then the motor pivot angle is changed and the forces checked, and 

so on. The maximum axial forces for each of the angles of pivot a r e compared, 

and the chosen position angle of the motor with respect to the link is the one which 

has the leas t maximum force. The axial force i s : 
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Figure 19. Motor Screw Mechanism. 



v 

L 

?—T 

w 
• U -
a F 

- r 
k 
* 

AX 

(a) 

(») 

W 

Figure 20. Axial Force Applied on the Screw as a Function 
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The angle of the screM' for different angles of the link was determined by 

a kinematic drawing. Then the angle of the motor with respec t to the link was 

changed and again the angle of the screw was determined for different positions 

of the link, and so on. For a position of the screw, the quotient of the sin fi (angle 

between the link and the screw) to the sin 6 (angle of rotation of the screw) is p ro ­

portional to the axial force (equation (12)). For a given motor - sc rew unit position 

the maximum quotient is found; the motor - sc rew unit position is then varied and 

the maximum quotients a r e found. The position of motor-uni t chosen is the one 

with the smal les t quotient. 

The details of this as well as the numerical resu l t s a r e given in Appendix C 

Ball Bearing Screw Design 

The ball bearing screw torque, the torque that the motor has to apply to 

the screw when loaded with the. axial load, can be determined by the following 

equation [5]: 



F L 

The s t r e s s e s on the ball bearing screws a re tension, compression and 

buckling. When considering tension and compression, it is necessary to de te r ­

mine the minimum root diameter of the screw. This d iameter can be determined 

by the following equation; 

4F 
D = V w <14) 

The buckling s t r e s s for all the ball bearing screws is extremely small and 

can be neglected. Thus the ball bearing screws and nuts used to rota te link 1 and 

link 2 a r c given in Figures 21 and 22. 

The ball bearing screw that horizontally rota tes link 2 l ies paral le l to ground 

and the weight of link 1 and 2 and their loads applies a bending s t r e s s . In order to 

avoid this bending s t r e s s a screw of g rea te r root d iameter was chosen (see Figure 

22). 

Air Motor 

The basic advantages in the use of a i r motors in supplying rotational torque 

to the ball bearing screw a r e the following: 

(a) Low weight per horsepower 

(b) Indifference to overload and stall 

(c) Cool operation 

(d) The availability of speed control 

The a i r motor chosen for this system has the following charac te r i s t i cs : 
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(1) Gear reduction of 15:1 

(2) It operates on a maximum p r e s s u r e of 100 Psig . 

(3) Delivers up to 73 l b . - i n . torque (1/3 H . P . ) 

(4) Maximum speed of 350 rpm 

(5) Net weight is 3. 5 pounds 

(6) Maximum overhung load with zero end thrust ranges from 100 pounds 

at 350 rpm to 200 pounds at 33 rpm. 

The a i r motor charac ter i s t ics graphs a r e given in Appendix D. 

Thurst Transformer 

The thrust force t ransfer red from the ball bearing screw to the a i r -moto r 

is much la rger than the motor can absorb, hi order to overcome this problem, 

a thrust t ransformer which t ransforms the thrust from the ball bearing screw to 

the flange of the motor ' s gear was designed and built as shown in Figure 23 . 

"Hand" Design 

The "hand" is the part that grasps the solid waste bag, holds it until the 

manipulator is in the proper position, and then drops the bag in the right place. 

The functional requirements of the "hand" a re the following: 

(a) To open and close by signal of the operator . 

(b) To be able to grasp the bag even when the "hand" is not positioned 

symmetr ica l ly about i t . 

(c) To hold the bag with enough p r e s s u r e so it does not slip from i ts 

grasp 

(d) To drop the bag by the opera tor ' s signal 
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Figure 23. Thrust Transformer . 



The "hand" has three par t s : the power supply, motion converter , and 

bag holder (see Figure 24). The power supply is the par t that supplies force and 

motion. The motion converter converts motion and force from the power supply 

into motion and force required to grasp, hold and drop the bag. The bag holder 

consists of fingers each of which is in contact with the bag. 

An average size plastic bag was measured in order to find the dimensions 

of the "hand." The data of the bag is the following: 

Dimension = 18" 

Height - 19" 

Weight - 50 pounds 

According to these dimensions the size requirements of the "hand" a r e the fo 

following: 

Diameter of opening = 3 5 " 

Diameter of closing = 11" 

Side force of each "finger" = 10 pounds 

The bag holder was designed to have three f ingers, and the power supply 

to be a pneumatic cylinder. The mechanism obtained is shown in maximum 

opened and maximum closed positions (see Figure 23). The actual "hand" designed 

and built is shown in Figure 25. 

"Hand" Balancer 

The desired bag can be in different locations within the allowable l imi ts 

of the t ruck. As a result , when the end point of the manipulator, which contains 

the "hand," reaches the bag, the links a re in a certain angle. Regardless of the 
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Figure 25, Actual "Hand" in Opened and Closed Position. 



angle of the links, the hand must stay in constant position with respect to ground. 

One of the al ternat ives is to pivot the "hand" to the free end of link 1 and 

then its own weight will keep it in the up-right position. The disadvantage of the 

solution is that the "hand" swings freely when the manipulator moves, and the 

operator has difficulties in positioning the "hand" above the bag. A better method, 

the method that was chosen, was the design of a paral lelogram which has a 

reference point with respect to the ground. 

The paral le logram consists of a single groove pulley connected statically 

to a ground (pulley 3), a double groove pulley (pulley 2) connected to the joint of 

link 1 and 2 and one free to rotate , and a single groove pulley connected to the 

joint of the "hand" and moves with the "hand" (pulley 2). One cable belt connects 

pulley 1 with one of the grooves on pulley 2, a second cable belt connects pulley 

3 with the second groove of pulley 2. (See Figure 26.) When the links rota te , 

pulley 2 will rotate pulley 3 such that the "hand" will always be at the same posi ­

tion with respect to ground. The actual s ize and dimensions of the "hand" balances 

is shown (see Figure 27). 
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CHAPTER III 

THE CONTROL SYSTEM 

Theory of Operation 

It is the purpose of this chapter to present the system designed to control 

the manipulator. The function of the control system is to supply the operator with 

an easy way to operate the manipulator. 

An on-off proportional control system was developed, in which the position 

or controlled variable 6 of the manipulator is proportional to the command input 

ft through a reference input element (see Figure 28). 

The control system is a servomechanism in which the reference input e le ­

ments convert the command input into a proper signal. The signal passes through 

a servo amplifier and is converted to a i r supplied to the a i r motor . The output of 

the a i r motor is torque supplied to the manipulator 's driving mechanism which con­

ver ts torque into angular position 9 —the output of the manipulator 's link. The on-

off proportional control System, even with the disadvantage of i ts dynamic performance 

of discontinuous control , greatly reduces the cost with respect to a continuous con­

trol system. The block diagram of the actual system is shown in Figure 29. The 

reference potential is located at the remote control handle with which the dr iver 

operates the manipulator. 

The valve is operated by a solenoid, when current is applied, magnetic 

force which switches the valve's orifice is created. Air flow from the valve enters 
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the a i r motor which converts it to the torque that rotates the ball bearing screw. 

The ball bearing screw rotates the link in an angle S , which is measured by the 

potentiometer attached to the l ink's joint. The voltage between the potentiometer 

at the joint and the handle is compared and summed with a sine input wave. The 

resul t of the summation is a sine wave displaced on the x axis as shown in 

Figure 29. 

The current passes through a servo amplifier, which i s actually a lag-lead 

and gain c i rcui t , that changes the t ime constant and multiplies the signal to a 

required signal that operates the solenoid of the valve. The p r e s s u r e output of 

the valve is a pulse width modulated rectangular wave which i s a function of the 

sine wave input and the comparison between the reference and manipulator 

potent iometers . 

The a i r flow entering the a i r motor is converted to torque that 

rotates the ball bearing screw which rotates the link and the output is angle position 

0 . The position is fedback and converted by the potentiometer attached to the link 

into voltage that is summed with the sine wave and voltage from the reference 

potentiometer. 

Block Diagram 

The model of the manipulator and its control system is shown in Figure 30. 

Because of the voltage being proportional to the angle, the input and output can be 

angle position B instead of voltage. 

The lag-head element is represented in i ts laplace t ransform (1 + T s ) / 

{1 + T s ) . The gain is K, and the valve is modeled as an on-off re lay with hys te res i s . 
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The element is l inear and negative until the position angle gets to a certain point 

then it switches to positive value. Now the element is positive and 0has to become 

smal ler than the last switching point in order to t r igger the re lay . The a i r flows 

from the valve to the motor K in which it i s converted into torque. 
P 

The output of the torque summation point is the summation of torque from 

the motor, load torque and subtraction of the stall torque feedback. The output 

torque is rotating the ball bearing screw (K ) which rotates the link, i ts angular 
s 

velocity is converted to feedback torque. 

The output angle position of the link is fed back and summed with the reference 

angle and a sine wave. 

Limit Cycle 

Theory 

A common form of instability in a non-linear system is a s teady-s ta te 

oscillation, usually periodic but not necessar i ly sinusiodal which resu l t s from 

an input and is called a l imit cycle. 

The amplitude of the oscillation is the same regard less of the magnitude of 

the dis turbance. It ei ther builds up from a tiny initial t ransient or dec reases from 

a la rge amplitude transient to the s teady-s ta te oscillation. 

It is desired that the l imit cycle of the present system is of such a small 

amplitude that, although it is a form of instability, i ts p resence does not harm the 

sys t em ' s performance. 

In designing the l imit cycle for the system, the block diagram can be s i m ­

plified as a non-linear element N(a) being a function of the amplitude and as a 
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linear element G(s) shown in Figure 31, and it is explored for zero input. 

In order to find the frequency response and limit cycle of the system, a 

describing function method is used. A describing function for the non-linear 

element is defined in t e r m s of its response to a sinusoidal input. If a sinusoidal 

function is applied to the input of a relay with hys teres i s , the output will be a 

periodic function, nonsinusoidal but with a period the same as the input function. 

Thus, for the system shown in Figure 31: 

9. (t) = A sin cot 
I 

p(t) = B sin(o: t + $ ) + B SUI(2CL; t + $9) + 

4 +B s i n ( 3 c o t + $ ) + . . . (15) 
o J. O 

Here p(t) is expressed as a Fourier s e r i e s with to as the fundamental frequency, 

which is the same as the input frequency. If the amplitude of the input A is changed, 

the size and shape of the output will also change because the element is nonlinear. 

Hence the coefficient B , B , B , . . . and $ , $ , $ , . . . a r e functions of A. 

The describing function of the nonlinear element is defined as a complex 

number which represen ts the magntiude and phase relationship of the fundamental 

t e rm of the output, B sin (o> t + $ ) to the input (see equation 15). 

GDF= f / » l <16> 

The describing function is a sor t of "equivalent frequency response function" 

for the nonlinear element. Since all the higher order t e r m s in p(t) have been neg­

lected, equation 16 is only an approximation to the actual response charac te r i s t i c s , 



but it is at leant a function which is "amplitude dependent." This reflects the 

nonlinear property of the element. 

The approximation made by neglecting the higher order t e r m s in p{t) does 

not introduce a serious e r r o r in many systems because of the nature of the l inear 

elements in the loop. In this system the l inear elements act as a low pass fi l ter . 

The high frequency components in p(t) a r e attenuated by the l inear elements much 

more than is the fundamental component, so that the feedback signal Q (t) is nearly 

sinusoidal with an amplitude and phase shift determined by the fundamental compo­

nent of p(t). Therefore, a periodic Sinusoidal) motion will exist at the input to the 

nonlinearity in a free feedback control system when the following conditions a r e 

satisfied. 

p ( * » " (J } 

Zii^L = N(a) (17) 
e(jo>) y } 

Where N(a) is the describing Junction of the nonlinear element, and "a" is 

the amplitude of the controlled variable (which in turn is equal to the negative of 

the e r r o r signal when the reference input is zero) , the two conditions combined 

will yield: 

<™~ife 

If equation (18) is satisfied by a pair 00=^ GO and a ~ a then there will exist a l imit 

cycle which, in the e r r o r channel Q.(t) of Figure 31, is approximately described 
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by n , sin co t. 
1 1 

There exists a graphical method to solve equation (18) for co when a is 

known using Nyquist plane plot. F i r s t , the value of the elements of the system as 

shown in Figure 30 has to be found. 

Linear Transfer Function 

The open-loop transfer function of the linear part shown in Figure 32 has 

to be found. For ease of calculations the gain K and K were considered with the 
P 

re lay together as the nonlinear par t . 

The motor t ransfer function K is the element that converts flow of a i r into 
P 

torque. Figure 33 shows the transfer function, the diagram of torque versus flow 

ra te V, from which K was determined, and the resulted motor t ransfer function. 
P 

The resultant motor t ransfer function K i s given below as a relation between input 
P 

p r e s s u r e and output torque: 

T - 0.7 P - 8 (19) 

The ball bearing screw t ransfer function K converts torque of the motor 

into the torque applied to the link. Equation (12) and Figure 20 a r e used to find 

K : 
s 

Fl = (W sin ^) L 

F = F A v sin 6 
AX 

T . = Fje= F A V £ s i n 6 
out AX 

F H 
AX 

T - = T f = ~> 

in motor 2,jr 
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Tout W ^ 6 2 * i , . „ 
f— = F A V H = H 2"S1" 6 <2°> 

in AX 

So: 
j?, 

K = - 277 sin 6" 
s II 

The element (K ) that converts angular velocity of the ball bearing screw 
£0 

into torque of the motor is found using the charac te r i s t i cs of the motor of torque 

(T) versus angular velocity (cc) (see Figure 34). The relation between the torque 

output to angular velocity input was found to be: 

T = 0.286 0M- 70.504 (21) 

The moment of inertia " I" of each link was found in T'The Mechanical 

Synthesis" (Chapter II). Knowing the values of the elements , the block diagram 

of the actual system (see Figure 32) can be reduced (see Figure 35). 

The t ransfer function is: 

G 
K (1+T s) 

s% 1 
(Is2+0.286 K 2 s ) ( l+T s) 

JU 

The numeric calculations of the element 's values and the t ransfer function for each 

link is given in Appendix E. 

The Non-Linear Element 

The gain K, the valve and the motor ' s gain K , a r e combined as one non-
tr 

l inear element as shown in Figure 36. 
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The relay is an on-off action with hys teres is h as shown in Figure 37 . The 

rectangular output has a fundamental component of amplitude: 

a = A+< 
where 

2 r 4M 
ft = - M s i n 6 d 6 = — - c o s $ 

and 
2 

1 TT *J 

>7r 4M 
Mcos9d0= - — sin $ 

0 

The amplitude rat io (or "gain ' ) of N(a) is therefore: 

, X + h l 4M 
N(a) [ = — — 77 a 

The phase lag - $ in Figure 37 and in the above equation for f and h is determined 

by the equation: 

a sin $ = h 

so 

- 1 h 
- *= - sm — 

a 

Thus, the describing function is in t e r m s of i t ' s gain and phase as given in the 

following equation: 

4M - 1 
N(a) = / - sin (h/a) for a > h (22) 

77a 
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The describing function of the relay combined with the gain when: 

M - 0.7 P 

and the hysteres is is h/K 

becomes: (see Figure 38) 

0 89P -1 
N(a) - —- / sin h/aK (23) 

a —-~ 

Method of Design for Limit Cycle 

The limit cycle of a system is actually the amplitude and frequency in which 

the end point of each link is dithering when there is no input. 

The amplitude of the l imit cycle should be small enough to let the operator 

that controls the manipulator to grasp the bag. A too small amplitude means 

a large limit cycle frequency: this resul ts in fast switching of the valve and 

the solenoid is quickly worn out. 

When a proper l imit cycle amplitude is found, it i s necessary to solve for 

the l imit cycle frequency 6u. The Nyquist plot of the l inear pa r t ' s t ransfer function 

with no lag-lead ( ^ = 0, T g = 0) is plotted. (See Figure 39.) Since equation (18) 

will be satisfied at an intersect ion of G(jtu) (called a frequency locus) and - l /N(a ) 

(called an amplitude locus) in the Nyquist plane, the -N(a) for the describing func­

tion given in equation (22) can be constructed in the following way: 

The distance from O to any point on the frequency locus line is (see 

Figure 39): 
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0 9 1 = S < ^ : o!5jT <*4> 

But the limit cycle amplitude "a" was already chosen before, and the 

switch p r e s s u r e p of the valve is a known value so |oQ | can be calculated. Plot­

ting on the Nyquist plane a c i rc le with its center at the intersection of the imaginary 

and real axis O and its radius r = |OQ | , wherever the c i rc le in tersec ts the frequency 

locus that is the frequency of the limit cycle (OJ) for a given l imit cycle amplitude. 

In order to find the proper gain K, T and T for a given hys te res i s of the 

valve, it is necessary to find the relation between k/K, T , and T . The value of 

T was chosen to be zero, it simplifies the electronic circui t . The relationship of 

T versus k/K for link 1 in the horizontal position and in the 45 degree position, 

and link 2 and link 3 in the horizontal position is shown in Figure 40. 

The calculation and computer solutions of the l imit cycle is given in 

Appendices E and G. 

Electronic Components 

Lag-Lead 

Knowing the type of lag-lead required, the circuit can be designed (see 

Figure 41). The relationship between input e to output e is the following: 

r1 + R
2

cip 1 r ^ V ^ ^ > V V n 
U + [R2 + p : ( i - O ^ R ^ P J L l + R4C2p .1 i e = 
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* , -

dr -** - ' 
i — • « 

!--«*—-i 

r 
Figure 41 . Lag-Lead Element 

e„ » * o t 

Figure 42. Summing and Gain Element. 

o — 

Figure 43. Switching Element. 
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e = input voltage, volts 

c = output voltage, volts 

R = res i s tance , ohms 

C - capacity, microfarad 

n = fractional constant 

p - an operator in which 

dx 
y= d f = p x 

y d t = p 

For sine waves, x = X sin cut 

px = coX COS cot 

2 2 
and p x = - co X sin cot 

hence p•= / - I co= j co (26) 

The Summing Block with Gain 

The circui t adds l inearly and multiplies the summation by a constant. That 

is when n input voltage signals e , e , . . . e, a r e applied to the input t e rmina l s , 
x i~> n 

the voltage sum multiplied by a constant g rea te r than one is delivered at the output 

te rminal . 

When all r e s i s t o r s a r e equal, the circuit thus acts as a gain block with 

respect to the input. 

The response is given by the following equation: 

- e - ( e i + e 2 + . . . e ) K (27) 



1 

The circuit is shown in Figure 42. 

Static Switching 

This circuit is used to control the relatively high current of the valve's 

solenoid with a very low input control source . Since the t r iac always opens at 

current zero , there is no acting or t ransient voltage developed due to stored 

inductive energy in the load (see Figure 43). 

Valve Design 

The a i r motor that rotates the ball bearing screw is getting i t ' s a i r through 

a pneumatic valve. This valve had to be designed. The control charac ter i s t ics 

of the valve were determined in the previous section. It is known that the valve 

should be and on-off type, solenoid operated. Because the motor is revers ib le , 

a four-way valve is required. A single solenoid-piloted, spring re turn four-way 

spool valve was found to be the most effective and economical (see Figure 44, 45). 

The s ize of the valve was determined by i ts orifice which had to be calculated. 

In analyzing the pneumatic valve, the pressure-f low charac te r i s t i c s a r e 

derived from the equation that holds for frictionless flow of perfect gases . Be­

cause the viscosity of most commonly used gases is very smal l , the effects of 

friction in control-valve orifices a r e negligible. 

The air operates the load, which is the motor, in such a way that the 

direction of the flow does not change. A single variable orifice i s the most s a t i s ­

factory type of pneumatic valve to use (see Figure 46). 

The basic equation for the flow of a perfect gas through a single orifice is 

of the following form: 



. 

Spring jwiex 

(a) 

Energized 

Air Line 

De-energized 

Figure 44. Valve-Motor Unit in Energized (a] 

and De-energized Position (b), 
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^ • ' W ^ J ^ ' A w i 

H E M ~~~ — -̂—til̂ p2* 
Solenoid-piloted actuation 

Figure 45. Single Solenoid-Piloted, Spring-Return Spool Valve. 



w = cdV(Vu>F) <28> 
u 

where 

W = weight ra te of flow, lb / sec 

C = discharge coefficient of the orifice, dimensionless 

A = orifice a rea , in. 

P = upstream stagnation p re s su re , Psia 

T = upstream stagnation tempera ture , R 

P = downstream p re s su re , Psia 
P d 

f = a function of P , T , and 
u» u' P 

u 

The cri t ical p re s su re ra t io is the point where the nozzle chokes. For a 

perfect gas , the cr i t ical p r e s s u r e ra t io is only dependent on the ra t io of specific 

heats , 

P I ,A Vk+1 J 
u cr i t 

Where k is the rat io of the specific heats , C /C . 
p V 

P d , , 2 x k / < k " 1 ) 
) (29) 

u 2 u u 

0 
For a i r at a p r e s s u r e below 3000 Psia and tempera tures above 350 R, k = 1.4 

5 2 . 2 o 
and R = 2.48-10 in. / s e c . R , so the following values may be used: 



P C I N f 2 N l - * / ( L * - l ) 
= 0.528 

P / V 1.4+1 
u c n t 

sec 

/ o 

c2 = sj^rip-i} - ».»> ~ \ 2 / 

When ( P 7 P ) >0.528 equation (30) is used to find f ( P , / P ), and when 
d u d u 

( P / P ) < 0.528, 
d u 

f ( P , / P ) = 1.0 (32) 
d u 

The function f(P / P ) i s shown graphically in Figure 47. It is significant 

to note that the p r e s s u r e at the "vena contracta" of an orifice never falls below 

0.528 P and that when the downstream p re s su re , P , falls below 0,528 P , i t no 
u d u 

longer affects the ra te of flow in any way. Although the static t empera tu re of the 

a i r passing through the orifice falls as i ts velocity inc reases , its stagnation 

tempera ture , stagnation enthalpy, and stagnation internal energy remains constant 

throughout the flow, so it i s unnecessary to be concerned with this t empera tu re , 

unless problems of heat t ransfer and tempera ture gradients in the area of the 

high-velocity flows become important. In the control valve supplying a i r to the 

motor, the length of the high-velocity flow s t ream is necessar i ly quite short , and 

experimental data that has been obtained to date does not reveal any significant 
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u2 d2 

due to work done 

Figure 46. Schematic of Flow Through Valves and Motor. 
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effects of heat t ransfer to the locally cold regions of orifice flow. In fact, the 

downstream stagnation temperature of the fluid is usually slightly lower than 

anticipated from a perfect gas flow. 

The discharge coefficient, C , does seem to vary considerably with the 

geometry of the orifice. Observations to date indicate that C may vary from 0. 6 

to 1. 0 for various orifice configurations and seems to increase slightly with 

decreas ing p r e s s u r e rat io (P / P ) when P-. /P < 0 . 5 for flow through a given orifice 

configuration. This variation of C with p r e s s u r e rat io is usually small enough to 

be neglected in this project . The discharge coefficient C was assumed to be 0 .65. 

Equation (28) may now be written: 

W = C d C 2 A 0 - ^ f ( - / ) (33) 
V T u 

u 

Assuming that the flow ra te through valve 1 (W ) and valve 2 (W ) as shown in 

Figure 45 is of equal value: 

Wx = W2 (34) 

By neglecting variations in C and assuming that T , C , and A a r e the 

same for the two valves, the following equation is applied: 

P f ( - ^ > P f fa) (35) 
u l 1 VP , / u2 2 VP nJ

 y } 

u l u2 

It is assumed that there is a small p r e s s u r e drop in valve 1 so the p r e s s u r e rat io 



(P / P ) > 0. 528 and a la rge p r e s s u r e drop for valve 2 so (P / P ) <0.528 using 

equation (30) and (32) respectively for valves 1 and 2, equation (22) can be 

written: 

c p i A / ( k - i ) A 

2 u l u2 

From the charac ter i s t ics and requirements of the air motor it was found that the 

p r e s s u r e drop due to the load on the motor is 70 ps i . 

So 
P = P , - 70 

u2 d 1 

P , C C , and k being known constants and defining: 
u i .1 di 

C, . , . l / k 
B = P 1 / 1 N 

u l C 0 VP , ' 
2 u l 

E = (k- l ) /k 

F^f1)/k 

u l 

Equation (23) is : 

l /k / _ _ E 
B ( P d l ) J l - F P d l - 7 0 (37) 

Equation (37) was solved with the aid of a computer program, the program compu­

tations for P , and P _ a r e shown in Appendix G. 

d u2 

The orifice a rea of the valves can be found by applying equation (33). 



C „ C«, r a r e known. P and P . were calculated, so f (—- i can be calculated 
d 2 ' u ' u d \ P 

u 

using equation (30) for valve one or equation (32) for valve two. The weight ra te 

of flow was calculated knowing the standard volume ra te of flow. So the only unknown 

of equation (33) is A which can be calculated. The orifice calculations a r e given 

in Appendix F . 

Remote Control Handle 

The manipulator is controlled by the pick-up truck dr iver from the cab. 

In order to ease the control of the manipulator, a remote control handle was 

designed and built. When the operator wants the "hand" at the end of the manipu­

lator to reach a bag in a certain point, he has to move the end point of the control 

hand proportionally. 

The control handle is proportional to the manipulator in a scale of 1 to 15. 

The manipulator and the control handle have a single turn precision l inear potentio­

mete r at each of i ts rotational joints . 

These corresponding potentiometers a r e connected in such a manner that 

a voltage difference is created between them whenever the links of the manipulator 

and the links of the control handle a r e different. This voltage difference is an input 

to the feedback control system which was discussed ea r l i e r . 

There a re mechanical l imit devices on the handle which prevent i ts links . 

from moving outside a certain range; this is the range in which the links of the 

manipulator can move. 

The downward movement of the manipulator is l imited at a cer tain point. 



r = R/15 

////// ;;///////// / / / / / /v / 
Manipulator 

:) 

Control 
Handle 

(b) 

Figure 48. The "Handle's ' ' Semicircle and It 's Function in Two 

Extreme Posit ions. 
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This point contains the "hand" which stays vert ical to ground in respect to the 

position of the manipulator. If the end point of the manipulator will move too 

low, the "hand" will Jiit the ground. In o rder to prevent this from happening, a 

light semic i rc le is attached to the end point of the control handle. The radius of 

the semic i rc le is proportional to the height of the ,fhand" as shown in Figure 47. 

The positions of the manipulator and the "hand" a re shown in Figure 48. 

The actual designed and built handle is shown in Figures 49 and 50. 
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Figure 49. Position of Control Handle with Respect to the Manipulator. 


