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Abstract

This thesis presents the Triple Scissor Extender (TSE), a novel 6-DOF robotic mech-
anism for reaching high ceilings and positioning an end-effector. The end-effector

is supported with three scissor mechanisms that extend towards the ceiling with 6
independent linear actuators moving the base ends of the individual scissors. The
top point of each scissor is connected to one of three ball joints located at the three

vertices of the top triangular plate holding the end-effector. Coordinated motion
of the 6 linear actuators at the base allows the end-effector to reach an arbitrary
position with an arbitrary orientation. The design concept of the Triple Scissor Ex-
tender is presented, followed by kinematic modeling and analysis of the the Inverse

Jacobian relating actuator velocities to the end-effector velocities. The Inverse Ja-

cobian eigenvalues are determined for diverse configurations in order to characterize
the kinematic properties. The sensitivity of the Inverse Jacobian Eigenvalues to the

various non-dimensionalized design parameters is discussed. A proof-of-concept pro-
totype has been designed and built. The detailed mechanical and electrical design,
manufacture, and assembly is described, and the control software is discussed. The

Inverse Jacobian for use in differential control is evaluated through experiments. A
method for extending the functionality of the TSE by using multiple interchangeable

end effectors is presented. The detailed design, manufacture, assembly, and testing of
one such end effector, the Fastener Robot (FASBot), is described, and its performance

characterized.

Thesis Supervisor: H. Harry Asada
Title: Ford Professor of Engineering
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Chapter 1

Introduction

Industrial automation applications requiring both a high payload capacity and a large

workspace typically rely on large serial link articulated robots. While these robots

are an excellent choice for factory floors with ample maneuvering space, they are

often too heavy for mobile applications and unable to reach the desired workspace in

confined settings.

For example, a stationary articulated robot arm can easily perform various opera-

tions along the outside of a comniercial aircraft fuselage as it is being assembled, but

this same arm cannot be easily placed on a mobile base and rolled into the fuselage

barrel to perform additional operations: the arm is simply too large and heavy to

make this a robust solution. Current systems have limited payload and workspace

due to these limitations (See Figure 1-1)

F:I

Figure 1-I: Tfe, Boeing FAUB system w1 hicdh uses robots made by KULKA.
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Parallel manipulators such as the 6-DOF Gough-Stewart hexapod platform [21

I101, are small and light relative to their load-bearing capacity unlike articulated

serial-link arns. These advantages make the 6-DOF parallel manipldator a candidate

for confined-space maneuvering and assembly, but they have small workspaces due to

the use of piston-style prismatic actuators as their linkages. A fully-retracted Parallel

Platform of unit height Jt camot reach past 2) because its actuators cannot extend

any more than twice their snallest length.

To address this lmiitation, scissor mechanisms can l)e used to amplify the height

range. A 3-DOF example of this concept is analyzed in [12]. We designed a new

class of 6-DOF parallel platform that uses parallel scissor mechanisms to achieve a

large workspace compared to its original size while maintaining the benefits of most

parallel manipulators. Three scissor lift mechanisms are combined so that the end-

effector can be supported by them in parallel and the position and orientation of the

end-effector can be controlled arbitrarily in 3-dimensional space.

Figure 1-2: Triple Scissor Extender

Lis Triple Scissor Extender (TSE) (see Figure 1-2) is particularly useful both for

reaching high ceilings or walls and positioning/orienting its end-effector freely within

14



Figure 1-4: Demonstration of the Triple Scissor Extender's airge height range

Figure 1-3: A Traditional Scissor Lift for Raising Passengers

a working space. When the TSE is fully contracted, the whole structure becomes

compact, making it easy for transportation. At full extension, the device height

becomes many times greater thian its original height (like a traditional 1-DOF aerial

scissor lift conunonly used for maintenance, assembly, and construction, se Figure

1-3), allowing it to reach high ceilings and walls (See Figure1-4).
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1.1 Background and Motivation: Autonomous Air-

craft Manufacturing

DeSpli c lie Ilgl tValabilitY of II(ditrial Ulalufihtuiug rbacliots s( rots. ajliedft

are still il(oiutly asSellbl(1 lw ha1d. T7le iliauliilinug and aSS irilly toleril ces of aircraft

Ca~l). Val-T Sig1lificaRil frni olle plalle to imtAlwl( otll r Ne to 11111(leled deormi-

ti(1S, s WIell its from1 owi lO~atciAlio ( ) diP ,lt1(l( (1 tloe aln l iri frale. Anti-onatiol

e(tuiplnelt 1 ilst collstalitly be onhuiiig ol f 1(d recaliaratiug ill wrd1Ir to prevei t(1)Ol

Crashes and Stay tr.Il( to the intended desigit. TheSe coilstant stalls are it (bt tileck

foi. le aircraft inainifaetiriiig and assembly process, an1d litiit the pro(biCtiVitv of

,Ily faCtory produicing large aircraft.

Figure 1-5: The ontsid of a barrel Section of the Boeing 787 Dreailiner on display
1i Seattle, WA, USA.

One of thle mtost tHie- cos(1V operatioiS for (,al nia tnrii g comi i erci al airCaft

is the iistallatfioli of HtIM( in 1 ti couple Ole maill load-i eaTrig uielidwirs of tile

f, ISel age. 'hi Ho ii" 787 a1ifI'S iain 11uSage barld skil is iS a Single pci e of

(OlipoSite (see Figure 1-5). Longitrdinal tralpezold-profil( Stringers, A So iade ,H-)u

16



COi IpI )s I(t I bwrs, pidtJVt It, e in g SI I stregt I()( d aI e Cur It d WiI0h. I w skiji. Fr ad( titidonal

strcgth ilider prtsslirc, ie Iiisttlage las comipositt ribs calt d shear h(is.

Figure 1-6: Thi longitudinal stringers and circuiferential shear ties of a Boeing 7S7.

0

These shear ties are placed and tielporarily instalLd wi(h tack fasteners by hand.

Then thousands of holes (see Figure 1-6) arE drilled through both the skin and shear

tie. They are reamed aiti coulntcsunk before flush Hi -Lk fast enrs are inserted from

the outside. From the inside, the Hi-Lok franulde colars art installed llsing staidard

tools.

The ('u1rront fastenler in1stalLa-tionl process takes () days to coinplcto 1using automac-

tion eqluipimenlot thalt can1 oiilyi istall olit f ilsteer at a time aiid requires cistalit

recalibratioi. T his iethod of fastener Installation is currently a bottleneck in the

total Csseulbly process. y allowim. the iatoiatioll e puipment to coeaitl n i slv relo-

c-alize an(d ilntelligeltly work with thi out side robots, and I1y parall1'liziig the fastener

installatitl 1)1 PrOCss b 11idi itdcig more l alittn itioll s agt its, Hiis bottleieck caI be

ovt'VCom (It' ald the factorv cal achieve Iighlier thu1 gh pui.
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1.2 Contributions and Overview

This thesis presents the Triple Scissor Extender (TSE), a novel 6-DOF mechanism

that uses scissor linkages to amplify its height range. Chapter 2 explains in detail

the concept of extending the workspace of a 6-DOF parallel manipulator with panto-

graph/scissor mechanisms and the inventive design of the TSE.

Chapter 3 provides kinematic modeling and design parametrization of the TSE.

The geometry that defines the design parameters are explained, and the relationship

between the 6 actuator inputs and the 6-DOF 3D pose, that is, the combined position

and orientation, of the top platform are revealed through the Kinematic Constraint

Equations, which are derived for both the general case and for the implemented Delta

design. These equations may be written in a non-dimensionalized form to easily

analyze the differences between implementations with differing design parameters.

The Inverse Kinematics can be solved using these constraint equations. The Inverse

Jacobian Matrix, which characterizes the linear differential relationship between the

inputs and outputs of the TSE system about a home position, is derived from the

Kinematic Constraint Equations.

In Chapter 4, the behavior of the TSE is analyzed using the mathematical models

developed in Chapter 3. Singular Value Decomposition is performed on the Inverse

Jacobian Matrix in order to reveal important properties of the TSE about these

home positions for the implemented design. The sensitivity of the Inverse Jacobian

Eigenvalues to the various non-dimensionalized design parameters is discussed.

The detailed design and implementation of the prototype is discussed in Chapter

5. The functional requirements of the machine are stated, and analyses are performed

in order to specify and design the structure, joints, linkages, and actuation to meet

these functional requirements. The manufacture and assembly of the TSE is detailed,

and the implementation of the control software and electronics are discussed.

Chapter 6 discusses the experimental validation of positioning accuracy using the

Inverse Jacobian control scheme, and discuss the results.

A method for extending the functionality of the TSE by using multiple inter-

18



changeable end effectors is presented in Chapter 7. The detailed design of a Fastener

Robot (or FASBot), which can be carried by the TSE and clamp onto the inside of

an airframe, is discussed. Details include the clamp and axis design, the airframe

coupling strategy, and the manufacture and assembly. The FASBot axis motion re-

peatability is experimentally validated.

Chapter 8 provides a conclusion of the work done for this thesis, and recommen-

dations for future work related to the Triple Scissor Extender.

19
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Chapter 2

Triple Scissor Extender Design

Concept and Geometry Overview

The novelty of the Triple Scissor Extender lies in the combination of two concepts:

the use of the pantograph or scissor mechanism to amplify motion and the kinematics

of 6-DOF parallel manipulators like the Stewart-Gough platform.

2.1 Concept and Geometry

Consider two links of length Lo existing on a plane xy joined together at one end with

a rotational joint at point C. The other end of each link is attached to a rotational

joint that is coupled to a linear slide located on the x-axis. Both of these linear slides

SA and SB travel along the same line. The point we wish to control is point C, which

has 2 degrees of freedom, (xc, yc). As inputs, we can change the position, XA or XB

of each linear slide.

Two modes of motion exist: if both slide SA and slide sB move at the same

velocity along the x-axis, then point C will also move at that same velocity in the x

direction; if slide SA and slide sB move towards or away from each other with equal

and opposite velocities, then point C will move only in the y direction. Through the

superposition of these modes of motion, we can reach any point above the x-axis up

to some maximum height.

21



H,

Figure 2-1: Kineinatic parameters of a single scissor nechanisin.

Now co1sidler extending each iiik bevoiitl poin1t C 1y soinel' smaller lengthi (. CL I

with a Vr ationld jtint at the end, aid then titling to those joilts wO inic links

of lttli (I that a'. joined together at the othler tid, which beco ines tli' hew pitt

( W\ (nvw have a triangle with a parallelograi onb tp: a b tasic scissor neclanisiti.

The s1m1 two notdes of inotion exist as in the previous case I but the ralto of inward

iiotioi of slides s and 's -aiid'l the vertical motion of point C has been aiplified by

he paiitograph inechlanisn! Adtlit ionA p)aralelograms tof sidie length iK< <... < ,

cait be added to the assembly to produce a illechanisin hike that1 iini 2-1.

Now we in t roduce the ( hird dimensiin t o thIec model and '.hailige the c ( oordniate

frane orientation such that the previous y -plame becoies the n'ew plaii, with

t(I -axis pointed iupwards, the points A ated 1 iying along thy s h x-axis

orthog'o.al to ) the yp-Plaue. XcW tiurn the rotatioial joints at slides at slide .s

iito ball joiits that a11(9w the '.ti lre scissOr iiiechaiiisn to rotatt about the line 1 /.

Ba Oilts re lised I)ecallse the scissor niiecliatism is required to pitch and yaw with

TISptct to the lii ear slid'es it .D space while 111oviiig, and 1i rist roll with respect to

th'. lintar slides in order to rotate about lie A1 B.

This motion and behavior can lbe achieved even if the two slides are ntot co.l)inear.

By tha iging the angle of tie linear slides froti tli i horizon]tal y, motion can be

chicved ill both tile horizontal aitd vertical directions. in addition to thanginig the

height of tHie scissor mechanisii by chat gli Ig theic lengtl of A B. (See Figure 2-2). Thi

linear sides that determiie their motion, can be arrange.ld at .any distanuce 1,tat'
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Figure 2-2: Top view of tOw scissOr (r AM11(1

paraincetcrs f/ anld 1.Tc/h f.

ate systei and explaa 1Itio of the desigi

apart froni the center.

3'

60'

= 0

ll00

Figur1 2-3: Som III I xm ll lir 2-t.--atOr e configations for variols I

Now considr the sw L Is1s K r m lMIlSIl 'S lO( ltiOnI 011 11( 11h nw -pl)an1. WVC inltro(duIC

(wo ilentic11 scisso' m,( idfijsmns, whilch we 1ab)1 2 aInd 3, and theii aIrraiilgc the trio

in aI triangoularl , orDchta, conlig'uratilon, whecre ij 3)0". The fintcar sfidcs can also bc

Coliguli'd witi other vlLBs of q!, wit)hll some exafmples show iM Figure 2-3.

e"T' intrOduce 5111181 ri ,lar top plate, awl conil(t poiurs C , ad C to
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Figure 2-4: Top plate radius rwuiator (Inda lieiar slide Iilii iisi(o is of the TSE.

the three apices of the top plate via ball joints. As shown in Fig-ure 2-4. the (distalice

between the top plate center aId each point C. is rlp. Finally we can put the six

ldepewieti lineai slides sp, S, sA2 5, 2 .sA, and ssc (two p 1 lsi'or) on a plane

an1d TIrralgc them1 iIn pairs to get the fin1al fornunlation of the TSE, showi in Figure

[-2.

2.2 Modes of Motion

The top platformi of the TSE has 6 DOFs. Some of these can be decliced intuitively

by reasolling ahout tIle dilerential root i olii of the six slides and how tIhey affect the

pose oi the top platforit (see Figure 2-5). BY moving only slides s. an1 t4131 towards.

point C moves ijpwards, rotating the top platforiI1 about li, C K3.

Siniolar rotations call be achieved with sc11 issor mechaismis 2 and 4. Through

a comb iation of these motions, the pitch aiid the roll of tihe top plitformii cai be

connnided. ly niovi g all 6 slides inwarh senniltaneously. tii top pLatform translates

lpNvard. By alternatin g thl ie direc tioi of each slide sequeitially, the top plate rotates

bllt th1ie -:-axis iii a yaw mi iotion i. 13v 014Cvig 1e j npain of scissors outwaod

a11(1 the maiing scissors inwa rvrd, traisiati )il m 10 ot-i(4 is 81chievid in the average
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direction of motion.

By the coordinated superposition of these various modes of motion, the top plat-

form can move to any desired pose within its workspace. Now that the geometry has

been established, we may begin deriving the kinematic constraints.
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Chapter 3

Modeling

3.1 Kinematics

3.1.1 The Inverse Kinematics Problem

Traditional 6-DOF platforms have relatively simple inverse kinematics solutions [4],

but the highly coupled motion of the scissors relative to the actuators in the TSE make

finding the inverse kinematics challenging. We now analyze the kinematic behavior of

the TSE subject to geometric constraints and attain kinematic constraint equations.

Figure 3-1 shows the coordinate system used for describing the kinematic behavior

of the Triple Scissor Extender. The top plate position is represented with vector X" =

)T(xE yC z)T with reference to the base coordinate system 0 - xyz. The orientation
T

of the top plate is described with roll, pitch, and yaw angles e = O 0 * .

As shown in Figure 3-1, let h, i, b be, respectively, the unit vectors pointing in

the three directions of a Cartesian coordinate frame 0, - x'y'z' attached to the top

plate. Concatenating these unit vectors in a 3x3 matrix we can write the orientation

of the top plate in a compact expression

[e i bi(, ) 
a x = Ri s b R (0o) u x y) (3 1)

where Rx(W), R,(O), Rz(4') are 3x3 rotation matrices about the x, y, and z axes,
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Top Plate n
(End-effector Mount) e X

b

Active
Slide Joints,.

0

Figure 3-1: Base aid end effectors coordinate systems

respectively.

The three apices of the top plate, C1, C, and C, are connected to the three

independent scissor mechanisms, while each scissor mechanism is activated with two

linear actuators at the base. Let siA and San be displacements of the linear actuators

moving points A, and Bi of the i-th scissor mechanism. Collectively, the six actuator

displacements:

q =( j 12 -1;R2 sA3 Sin) (3.2)

form a 6-dimensional joiit coordinate vector. These joint coordinates determine the

top plate position and orientatiOn :

(V o) T~ __ ( Y( )T (3.3)
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The kinciiatic tion relating the cnd(point pos to the actuator displaccnents

q is prohbitively complex, while its inverse kinenatic relationship is tractable: q =

J(,)

b
rC

C3

C
n

3c

AB

actuatorD

B 3

Figure 3-2: Projection of Relevant Points onto the Base Plane

The Inverse Kinematics problem can be solved in the following steps:

G Given the 6-DOF pose p of the top plate, obtain coordinates of points C1, C_2,

and C3 relative to the ) - ryz franme using the unit vectors in 3.1

y, =X top + rtoph

(1 _/5

OA C2 Xo + ,"o 2 + 2 (3.4)

Qx3 = xtop + Ttop ( - 2

29



where rT o, 15 tIl distance from the cnter of the top plate to each apex (See

Figure 3-2).

* For each scissor mechanism i, given top point coordinates C, solve for the actu-

ator displacements (sAj s,3). In order to maintain generality, an intermediate

coordinate system O% - y: is created with its origin located at the intersection

of linear slides A and B (See Figure 3-2), its Oi - z axis parallel to the ) -

axis, and its y-axis pointing outward from the center of the TSE (see Figure3-4).

The point coordinates of C( are converted from the TSE origin frane ) - my:

to the new frame O - I.Z, and the general Kinematic Constraint Equations

derived in the next sections can be used to obtain the actuator displacements

(nSzi, S,)

N

40.1

30

20,

10

01

-20

-10

0

10

20
A () I

;i.

/'\ V
/ \ A...-.

..........................

10 20

-20 -10-20 y(in)

Figure 3-3: Inverse Kinematics being solved numerically in simulation

*
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3.1.2 General Kinematic Constraint Derivation

2D Scissor Mechanism

Given the top points with respect to the origin 0 (3.4), define new coordinate systems

with respect to scissor 1, scissor 2, and scissor 3.

0001 = 0002 = 0003= rcduat,, (3.5)

(Xci= - ) o~cz - racttator , a= , , (3.6)

First, the basic 2D kinematic relationship of a single scissor mechanism will be ob-

tained. As shown in Figure 2-1, there is a functional relationship between the width

of the scissors base, wi = Ai Bi, and the height of the scissors hi, i = 1, 2, 3. For

brevity, the subscript i will be omitted hereafter.

The scissor mechanism consists of n parallelograms of side length fl, e2 , . - , ,n, and

one isosceles triangle of equal side fo, connected at the center nodes N1, N2 ,... , Nn.

Let a be the angle of each scissor link relative to the baseline, a = LA BN1 , as shown

in the figure. The width w is given by

w 2fo cos(a) (3.7)

Since all the links are kept parallel, the height h is given by

h = L sin(a) (3.8)

where the total length L is given by

= f4 + 2f, + - - + 2t,-1 + 2er, (3.9)

See Figure 2-1 for geometric interpretation. Eliminating angle a from (3.7) and (3.8)

yields 2  2

+ (3.10)
L 2fo

31



Projection onto the 01 - xy Plane

BI ~ r !I

SBl H SAl

01 o x
Figure 3-4: Top View of Base Plane showing Projected Point H on O1 xy-plane

As shown in Figure 3-2, consider the projection of Point C1 onto the base plane,

01 - xy. The projected point H1 is redrawn within the 01 - xy-plane in Figure 3-4.

Again, for brevity, the subscript 1 is omitted in the following equations.

The (x, y) coordinates of scissor base points A and B are determined by the

linear actuators, which move the scissors base points along the two radial directions,

respectively. We must find the linear actuator coordinates "'xAi, aYAi, zXBi, ZYBi.

This is where the differences begin between each bottom platform configuration.

The general Case of angle q up from the horizontal of O is:

XAi = sAi cos(q)

Iyxi = sai sin(rq)

XBi s Ai cos(7r -,q)

YBi SAi sin(ir - 'q)

where rI =7r/6 corresponds to the Delta configuration, r = 0 for the Triangle con-

figuration, q = 7r/3 for the Star60 configuration, and r = -7r/6 for the Hexagonal

configuration (See Figure 2-3). Therefore for the Delta configuration:

XA = SA COS ya = SA sin (

G6) IO (), 6((3.12)

XB = -- sB COS - ,YB = sB sin -
(6) (6)
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Using these coordinates, the width of the scissors, nw, can be written as

W2=(iXi - iXB )2 +t (iYAi - iYBi)2

which, when combined with (3.12) simplifies to

W2 = s2 2
W S+ SBSA + SB

for the Delta configuration.

Note that the scissor mechanism

necting the center nodes N1, N2 ,...,

of point C onto the Oi - xy-plane,

AH = BH = r, or

is symmetric with respect to its centerline con-

N,. Therefore, point Hi, that is, the projection

is on the bisector of the baseline AB. Hence,

=(xA -- xc) 2 + (YA - yC) 2

= (XB - XC) 2 + (YB _ YC) 2
(3.15)

where xC and yc are the xy coordinates of point C, i.e.

produces two conditions for the Delta configuration

those of point H. This

s - 4(sA + SB)XC = S2 + (SA - SB)YC (3.16)

2 2 '/~22r2=S -S(XC+yc) + X2C + YC (3.17)

(3.15) is the first Kinematic Constraint Equation.

Implicit equations relating apex coordinates (xc, yc, zc) and actuator dis-

placements (SA, SB)

The z coordinate of point C provides another condition by relating height of the

scissor hi to zci. Consider the right triangle C1H1 D1 in Figure 3-2, where D is center
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point between SA and SB. We obtain

h b2 + z

where b = HD.

By projecting the triangle on Oi - xy plane as in Figure 3-4, we obtain

r2 = b2 +

Eliminate b2 using equation (3.17):

!2 - z2 r2 - )

Replace h2 from scissor geometry equation (3.10):

L
2 2

L22

and rearrange:

Cr 2

1r2 + z2 = L2 + (1 (L )2)

Replace w 2 using (3.12):

r2 + z2 = L2 +
1 C 4 (1 (L- 2)

((XA - XB)2 + (YA - YB)2)

which, for the Delta configuration, becomes:

L 2 _,~ L 2 2) -2 2 2 (~+s + S2)
Repl acA + SBSA SB g eC C rntnA + SBSA E nB:

Replace r 2 by (3.15) to get Constraint Equation 2:

(xA-xc) 2 + (yA-y) 2+ 4 - ( - )2) ((A - xB)2 + (YA - YB 2)
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For the Delta Configuration, this yields:

2 2 2 r2 _ 2+SxC +Yc + Z0 = L A _s+SA(A XC + YC)+

I1 _ (L )2 S 2 (3.26)-(- (- (si sBsA sB)
4 ( to A+ B )

Simultaneous equations (3.15) and (3.25) determine actuator displacements (SA, SB)

for given coordinates (xc, Yc, Zc). While the above derivation was only carried out

for the first scissor mechanism, the other two scissor mechanisms can be treated in

the same manner.

3.1.3 Nondimensionalized Kinematic Equations

In order to perform generic analysis of the kinematic properties of the TSE, the Kine-

matic Constraint Equations must be distilled to the most essential design parameters.

We nondimensionalize equations (3.15) and (3.25) by scaling them by the total scissor

length parameter L.

This leads to two new Kinematic Constraint Equations and four design parameters

that define the entire design space for this class of machine:

" ki: (fo/L), the ratio of the lowest scissor link length and the total scissor length

L. See Figure 2-1.

" k2 : r7, the angle of the actuator from the horizontal axis of its respective coor-

dinate frame. See Figures 2-2 and 2-3.

" k3 : (ractuator/L), the ratio of the actuator coordinate frame radial distance from

center and L. See Figures 2-2 and 2-4.

* k4 : (rt.,/L), the ratio of the top platform distance to the ball joint and the

total scissor length L. See Figure 2-4.

The scissor top points xc, yc, and zc as well as the linear slide positions SA and

SB are also normalized over the total scissor length L, which we define as xic, yc, zc,

SA, and SB.
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By rearranging and replacing variables in equations (3.15) and (3.25), the Non-

Dimensionalized Kinematic Constraint Equations emerge:

SA - 2 XcSA cos(k 2) + 2(k3 - Wc)SA sin(k2) =
S2 (3.27)

SB- 2SCqB cos(k2 ) + 2(k 3 - i'C)SB sin(k2 )

and

$A+ 2(ks --.y),5A sin (k2) +k ycs+i2+lc

( 1 2 ( 2 2 (3.28)
1 + 2 1c -A cos (k2) +2 - SA + kB + 2 9B cos(2k2)

3.2 Formulation of the Inverse Jacobian

3.2.1 Characterizing the TSE Kinematic Properties

Based on the Inverse Kinematic relations obtained in the previous section, basic

properties of the Triple Scissor Extender will be highlighted in this section through

the analysis of differential motion.

Given a limited movable range, or stroke, of each actuator, "small workspace"

implies a small end-effector displacement, relative to large displacements at the ac-

tuators. In other words, the ratio of the end-effector displacement to the actuator

displacements is small. Let lAq = As'lI + As' 1 + - - - + As'.3 be the magnitude of

the six actuator displacements, and IAXej and IAeI be, respectively, the magnitude

of the translational and rotational displacements of the end-effector. We characterize

the kinematic properties of the TSE in terms of the ratios:

Yt(P) ,AX Y(P) = , a (3.29)
Aq ( Aq

which physically mean spatial, multi-DOF "gear ratios" associated with the trans-

lation and rotation of the end-effector, respectively. These ratios vary depending on

the end-effector pose p, as well as the direction of the end-effector motion. We will
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obtain the maximum and the minimum of 'yt(p) and y,(p) at each configuration of

the end-effector pose p, and examine how the maximum/minimum ratios distribute

over the workspace.

This entails identifying the Jacobian relating the end-effector displacements to

actuator displacements

Aq = JTAp (3.30)

where J, is the 6 x 6 Inverse Jacobian matrix. This is also often called the Ma-

nipulability Matrix [6]. Note that the elements of the Jacobian Matrix are partial

derivatives of input motion to output motion, not time derivatives.

As in the previous kinematic analysis, the Inverse Jacobian Matrix can be split

into two main parts. We obtain the differential relationship

(AC1  AC2 AC 3)T = IJCA (3.31)

where JC is the 9 x 6 Jacobian between the top platform pose f and the top platform

apexes Ci. For top platform translation, differential motion is 1:1, and the left half

of Jc is made of Identity matrices. For top platform rotation, which corresponds

with the right half of dc, the differential motion can be obtained from the transform

matrices of (3.1).

For each scissor we obtain the differential relationship between point Ci and ac-

tuator displacements SA and SB where

[SAi aSAi aS1Ai

Jsj - DXC, yci Dzci (3.32)
[DSBi &SBi aSBi

_Dxci aYcj DzC0 -

is the individual scissor Jacobian and the block matrix

si 0 0

IS 0 Js2  0 (3.33)

0 0 Js3
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is the combined 6 x 9 scissor Jacobian.

When both Io and Is combined, we obtain

lb - JsJc (3.34)

which is the final 6 x 6 Inverse Jacobian Matrix.

Obtaining Is typically requires the Inverse Kinematics, which is not explicitly

solvable. In the following sections the outline of an alternative computation of Is is

described.

3.2.2 Computation of the Jacobians

TSE consists of three pairs of scissor mechanisms, each governed by the implicit

kinematic equations (3.15) and (3.25). These determine the relationship between

actuator displacements SA, SB and the apex position xc, yc, zc in the local coordinate

frame Oi - xjyjzi . For brevity the subscript is again omitted. Differentiating both

equations (3.15) and (3.25) at a given apex position p, we can obtain a differential

relationship in the following form:

ailAsA + al 2ASB= bi1Axe + b12 Ayc + bl 3Azc (3.35)

a21ASA + a22ASB= b2 1AXc + b22 AY c+ b23Azc

where parameters a,1 , . . . , b23 are evaluated at the given apex position p. Using vector-

matrix form, we can write the Jacobian relating the two actuator displacement AsA,

ASB to those of the apex coordinates Axc, Ayc, Azc as:

ASA
= JsAXc, AXc = Ayc (3.36)

ASB Bclar

where I~s =A -B, A = {ai,} B {bLj}. Of particular interest is the case where
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the top plate is kept level and moves along the z-axis. At this center configuration,

sA = sB = s and x, = 0, yc = - A-y (where -y is half the distance between adjacent

linear slides such as sBI and SA2), the Jacobian is given by

Is ICenter

/3 v's 3S \1
2 s - & + Ay 2s - it + Ay (3.37)

2(ft - A-y) - s 2(ft - Ay) - s
6cs - 2s + it - &y 6cs - 2s + ft - A-

2zc 2zc

6cs - 2s + it - A 6cs - 2s + et - A-/

which is a specific version of the general Jacobian in (3.32).

We can obtain similar equations for all three scissor mechanisms. We denote the

three Jacobians by JS1, Js2 , Js3 .

The apex local coordinates are functions of the end-effector position and orienta-

tion, X, and 6E, according to (3.25). For the first pair of scissors, its derivatives are

given by

AXc1 = AXe +t f AE (3.38)
d6

Substituting (3.39) in (3.36) yields

ASAI d fi
= JsiAXE + Usi AYE (3.39)

Similarly for the other two pairs of scissor mechanisms,

ASA2 v/3 d i 1 d i
= lS2 AX, - UTS 2 + 2de

ASB2J 2 de 2dGE (3.40)

(AsA3 A7 (v/5 dt 1 dni=SA Is3AX,: + PtJs3 03di edi

ASB3 ( 2 dO, 2 dG j
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From (3.1) the derivatives of the unit vectors at the centerline are given by

S0 0 0 0 -1

0 0 1 0 0 0 (3.41)
dBf dG,

0 -1 0 1 0 0

Combining these yields,

Aq = JtAX, + JAef (3.42)

where

Js1

Jt = JS2 R6x3 (3.43)

s3)

is the Jacobian associated with the translational displacement of the end-effector, and

/~ d \t
dBf

_J2v/3 d1 i 1 d ii nx (.4
Jr = t Js 2 dc 2 d J O6x 3 (3.44)

S3 V3 di _ di
2 dB, 2dE),E

is the Jacobian associated with the rotational displacement of the end-effector. From

these we can obtain the block matrices (3.33) and (3.34), and thus the full Inverse

Jacobian Matrix about this specific center point.
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Chapter 4

Analysis

4.1 Differential Motion and Manipulability Anal-

ysis through Spatial Gear Ratios

The maximum of the translational gear ratio -yt(p) = JAXe| / Aq is given by the

minimum non-zero singular value associated with the Singular-Value Decomposition

[5] of Jacobian Jt, (and vice-versa for the maximum gear ratio):

it = Ut EtVI (4.1)

where Et E W6x' is a rectangular diagonal matrix consisting of the square root of the

eigenvalues associated with the real symmetric matrix Jf[Jt E R3x 3

1/Atj 0 0

0 1/At2  0

0 0 1/At3

0 0 0 (4.2)

0 0 0

0 0 0

(0 < At, At 2 At 3)
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and Ut E R"x C and Vt E R:"x' are, rcspectivly, unitary matrices consisting of the

eigenvectors of the matrices TIT E cRU and I I'It p3x. Note that the Jacobian

matrices we have obtained are for the ein crse kinematics relating actuator displace-

ments to the end-effector displacements, thus taking the reciprocal of the eigenvalue

in (30). The rotational gear ratio y,. (p) = I / I Aqj can be examined in a similar

manner.
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Figures 4-1 and 4-2 show the translational gear ratio 'pt(p) AXC / iql at

diverse end-effector locations along the z-axis. Note that near the ground the vertical

component of et grows large, and as the top platform nears the end of its upward

travel yt decreases, indicating a singular configuration where no more upward motion

can be obtained. This can be interpreted intuitively by thinking of the three scissor

inechaiisms as the TSE top platform moves upward and how they elongate until no

more motion can be achieved.

Figure 4-3 shows the translational gear ratio yt for various points at a constant
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Jacobian Elgenvalue Ellipsoids along z-axis
(Ellipsoid Volume in Natural Log Scale)

1600 -

1400 -

1200-

1000 -

+

+

I
+

4

80D -

-

0

-200 200

y (mmrn)

2oo

x (mm)

Figure 4-2: Jacobian Ellipsoids for points along z-axis.
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Jacobian Eigenvalue Ellipsoids at z=914.40 mm
(EoIpsoid Volume in Natural Log Scale)
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Figure 4-3: Jacobian Ellipsoids for points at constant . 914.40 1nilliniet ers

height in the center of the TSE's workspace. While virtual gear ratio values along

the x and y axes do change as a function of the robot's configuration, they do not

change as dramatically as the virtual gear ratio in the vertical direction does. This

difference between the planar and vertical components of -yt serves to further highlight

the nature of the TSE, which was designed with vertical motion amplification in mind.

This result serves to mathematically validate our design.

4.2 Design Parameter Sensitivity Analysis

In Section 3.1.3, the Nondimensionalized Kinematic Constraint Equations (3.15) and

(3.25) were derived in order to facilitate the analysis of the kinematic properties of

the TSE. In this section, we analyze how changing the kinenatic design parameters
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ki, k2 and k3 affect Ihe cofigurationepeden Translational Spatial Gear Ratios

of the TSE.

Note that k4 does not appear iM the Kinematic Constraint Equations, but only in

the first step of the Inverse Kinematics problem, where the apex points Ci are found.

k4 affects the Rotational Spatial Gear Ratio, which are riot analyzed for brevity.

For these analyses, the design parameters chosen match those of the implemented

prototype from Chapter 5 and a single design parameter was deviated from this value

to determine how it affects the Spatial Gear Ratios, the Jacobian Eigenvalues.

4.2.1 Sensitivity due to scissor length ratio k1

The scissor length ratio A:1 carries with it the essence of the Triple Scissor Exten-

cler: height amplification using scissor mechanisms. The value ki can be thought of

intuitively as the height aniplification factor.

700 r
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N

Fixed: K2 = n/6, K3 = 0.0186

61k k

-... ..... U

10 20 30 40

Height finches]

50 73

k1 =3 .00000-O'

ki 3=00000e0 1

kI 3000000fO
-- - nSi0000 D
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kI I = 000hOO01
1=9 00000kO( 1

70

Figure 4-4: Jacobian Eigenvalues with Changing Length Ratio

As can be seen in Figure 4-4. the lower the value of k,, the greater the sensitivity

to motion, or height amplification factor.
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kLI '&Y000e 301

120- k '90000011 01

k =0.2647 is implemented
on TSE robot
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10 20 30 40 03 30
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Figure 4-5: Jacobian Eigenvalues with Changing Length R atio (Zoomed In Near k

of Prototype)

The implemented Prototype has a k of 0.2647, which leads to a miaxinluin Z

Jacobian Eigenvalue of nearly 110, as can be seen in Figure 4-5. This follows with

the results shown in Figure 4-1.

A k= 1 has an equal total scissor length and lowest length, L = t o, which has

no scissor at all. This configuration of the TSE is identical to many other Hexapod

J)latforms with rigid links and stationary linear actuators at the base, and has no

amplification factor, as can be seen in Figure 4-6.

4.2.2 Sensitivity due to Actuator Angle k2

Intuitively, by changing the scissor angle k2 , we affect the rate of change of the width

between the bottom points of the scissors, which directly affects the Z Jacobian Eigen-

value. Collinear slides, where k2 = will have the largest Z Jacobian Eigenvalue,

and any deviation from this will decrease this value.

As shown in Figure 4-7, with a k1 or 0.2647, TSE configurations with k2 < 450 are
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Figure 4-6:
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Jacobian Eigenvalues with Changing Length Ratio (Zoomed In Near

valid, and the Z Figenvalue range scales with changing k2. All configurations with

k2 > 450, however, exhibit behaviors consistent with singular configurations.

This strange behavior is more evident in Figure 4-8, which shows the Jacobian

Eigenvalues on a log scale. For some negative k2, there is a critical range of ki where

the scissor bottom points are moving away nearly as fast as the scissor inechaisin

extends.

XVe explore the possibility of having a negative slide angle k2 by choosing a different

k1 .

As shown in Figure 4-9 a lower amplification ratio (higher k1), angles of k2 higher

than 45' are vali(. Positive and negative values of the angle, while significantly

changing the appearance of the TSE, exhibit similar behavior in the 7-lireetion.
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Z JaoIai Eigevvaluie about Z raang for various k = it

Fixed: k=0.2647, k3 = 0.018-
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Figure 4-7: Jacobian Eigenvalues with changing Slide Angle

4.2.3 Sensitivity due to Actuator Coordinate Radius k3

The Z Jactobian Eigenvalues do not change significantly for differing values of kA, as

can be shown in Figure 4-10. They scale linearly with k 3, but the shape is mostly

unchanged.
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Figure 4-8: Jacobian Eigenvalies with changing Slide Angle (Log Scale)
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Figure 4-9: Jacobia EigenIvahLes with changing Slide Angle for larger k,
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Chapter 5

Detailed Design of Prototype

A prototype Triple Scissor Extender (TSE) was built to test our kinematic model.

The size of the robot was chosen such that it would have a maximum height of 1619.25

millimeters (63.75 inches) while being able to collapse to a height of 323.85mm (12.75

inches). The ratio between the lowest link length and the total length, EO/L, is 0.0247.

This allows for a maximum height amplification of 5. The TSE was designed to meet

certain functional requirements.

The functional requirements of the Triple Scissor Extender are as follows:

" The Triple Scissor Extender Prototype must demonstrate all modes of motion.

" It must be short enough to be easily transported (12.75 inches).

" It must be as tall as a person at its highest configuration (63.75 inches).

" It must bear an external 25 lb load at the top platform in addition to the

gravitational loading of the TSE structure itself, assumed to be 25 lbs. (50lbs

total)

" It must move from its shortest configuration to its tallest in no more than 5

seconds.

" It must have standard 1/4-20 1-inch-by-i-inch breadboard grid pattern mount-

ing features at the top platform for multi end-effector mounting.
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* It must be designed and built quickly s order to deioistrate to sponsors as

soon as possible.

- There were 2 montlis and 12 days from the original conception to sponsor

dem1(onstration.

- Design for easy maniufa cturing and assembly, and use commercial off-the-

shelf (COTS) parts when possible.

* It must be designed with future upgrades to structure, actuation, control hard-

ware and control software, particularly with regards to autonomy, iii mind.

* It must be easily movable in order to relocate it while in the laboratory.

5.1 Static Loading Analysis and Actuator Specifi-

cations

In order to quickly prototype the Triple Scissor Extender, the most critical compo-

nents, the six linear actuators located at the base, were purchased as COTS parts.

In order to keep costs down and demonstrate the motion of the TSE, the actuators

were chosen for only strength i not stiffness.

~~14'

h9

simpifiedl Myodel J41
FRI

Figure 5-1: Simplified iodels and Free Body Diagram of the Triple Scissor Extender

worst-case loading situations.

The linear carriages, ballscrew assemblies, servo motors, and servo drives were

chosen by analyzing tie worst-case loading while bearing a 11.34 kilogram (25 pound)
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external payload. The stroke, max speed, structural load-bearing capacity of the

carriage, and force output capability of the actuators were all considered.

In order to sufficiently model the worst-case loading of the Triple Scissor Extender,

a simplified model that captured the loading cases of the linear actuator was developed

(Figure 5-1). Due to symmetry, a 1-DOF case of actuator loading is all that needs to

be considered for actuator specification.

Figure 5-1 also shows a Free Body Diagram of this 1-DOF representation of worst-

case actuator loading. The static equations governing the forces that must be borne

by the actuators are:

Fac=uator F cot6 = g cotO (5.1)

(M)

FR1 = F = 6 (5.2)

FR2 = Factuator (5.3)

F ct required to bear 8.3 lbs vs 6

10 20 30 40
6 (degrees)

s0 60 70 80

Figure 5-2: Individual actuator force Fact required to bear a total load of 50 pounds

at a given angle 0
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F iur 5-2 slhows (5.1) Io chianging 0. Th 1 actatotar forl V apprwtc alcis )C as

(h TSE inLears a singular c1)figlratitn wh\ Irci 0 W. Th for Ii(c ilpproichs U as rh'0

TSE moves to the singilaity wear its higilest configuri'ation 0 90", wleritt no force

is require(I from the atulation to 1or )it had. IT atluators NLr( (hosi to hailie

a loVwest cofiguration 1 f 0 = 5', etch actat r inust, protvide 95. 15 poi ds of force to

hear the total 50 pomni load of tihe ISEi', andl payloai.

OSPE..SB/ST Screw-Driven Actuators

Figure 5-3: Section view Lf the Parker OSPE 32 SB Actuator

Parker Origa OSPIE 32 SB actuators (Figure 5-3) with a M0 imllimeter stroke

were choseni as the main actuators for the TSE Prootype. In order to allow for

high1 efficie)acy low-ipedace backirivability. 5 1till lipEteitch ballscrew drives were

tliosen with 1)rusliless s(rVO iiotors.

5.2 Structure, Joint, and Linkage Design

'Wi thi the iin actuators chosen, the rest of the structure was tiesigned to meet the

functional reqluireuients. The overall structural getmuetry, the strength of each link

8,L1d joilt of each scissor mechanism, and the iot erfacing I betwet'n each part of the

assembly, were all (onsidered.

Figure 5-4 siows a silgle scissmr lltchaisi. The individual liuk leigtHis were

ti (s8(1 sulch tilat tihe S TEon1d i'evt'r he cnfiguilled sullhI Ihiat fitA two scissors could

intersect. Each scissor iiieciialiisinl is attelited at tie bottltil poiits A anil H as well
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Figure 5-4: A sigle scissor mechanism. and the forces it iist bear.

a),s the top point C by V on('1 ia off-the-shIelf ball joit rod ends. The -emlnetry

WAS desiged Wih itl hard stops 5(s11h thit the TSE wonld never pass thruigh a singular

(2 )ni-uratio)n.

-7

Previous Link
(Transition Fit with
Bearing Outer Race)

Next Link
(Attached to Shoulder)

Shouider BcIt as PFn Joint
(ThreSds alow preload

adciustr mn

Fignre 5-5: Set(lit 01n1 1i(w of a single joint of the TSE scissor linkages.

Each jon it uses twin fianged roller bearins it a back-to-back configiirationi. shown

im Figune 5-5. The 1)0ris are preloade(l for stiffuess with a spr ig washer. and a

sho h11d bolt Is 1sed is a shaft.

The top bll joints (Figi ire 5-6) wNein h11ose1l to niaixiniize tH pi t' i ing/roding



14W

Figure 5-6: E-eila r md Sectifit view f4 the Bali joint intrfiacing

S(ISS01 MitchantilSl with each apex the top platform.
tHi top of each

possible hv tle top 11atorm. Sip r-Swiv( 1all j itS Were chiositm, allowing the to

platform to rotate wIth ill aiile rai1' of 132

Tie top joint of each sissor imechanisii Iias 1 similar tlesign to the other joitits:

A slioulder thlt pissin1g throiigh twio flag rolllr Ihearings in a back-to-back con-

i giratio . 1h liistaine b twI I et iach half 14 the sc issor is extended lsin g pLates 11nid

sttnidoffs and tihe 1all joiit also passes thirougi the shoulder bolt. A broze spat

was used to interace lthe ai~li jolt with the shoulder bolt.

'A"*

F igure 5-1: Phastiec B3o41om Ball Jwint. Adaptcrs for coupflig each1 Scissor mnedhalism1
bottom ball joint to its, .("J M!pctv jlinea r acr(tuaj)t (rl.
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In ord6r to i t r 1fa 1 the bot1 0(1 11 ball jp it1s of t'ei s(18s1 isieeliaiiisiii withii tle

carriage o( cach liniciu atutor, a plastic )tBtIM11 Bdl Joiit Adapt er was lYSigid.Ct.

(St\ Fir 2 T). \ iA ol& thrlouh which a shoulder holt cai pass alhows the ottom

hall joiit to be plin1e(d to the adapter. Four111 count'rbiort' holes allow the ir1 tptcr to

momit to te top of Its 1111)r (ariage. The hole wher, the shouldcr 1Wlt pim paus(s

h11irough e1 tebl bottom hall joint was angd4 outwartd 1by 0" - =61 in order to

llmaxiiiize the rauige of' motiloli of each scissor mecliilil1. The distalce betwteei the

ball joliit cnter a0ld the center of stiffiess of the liniua ,ariag was 1 11mi (nized i

order to miunuize tHe illoments the carriage must hear under load.

iAt t

Figure 5-8: Finite E1 me1 t Ainlysis of th Bottom Bial Joinit Adilpters.

The Bottomt Blll Joit Adapter is designed to be 3D piriutd out. ABS plastic. In

otder ti) ensure that t pastaic would not. fail under iloa(t, a sinuiation of tIhe interual
stress in a Bottom Ball Ji1nt Adapter under maximumi loadig waS Prformed using

Finit' ELenient Aualysis. As shown in Figure 5-8, t1he area with itmaxinuni stress 5

(imes cbilow the yield stIuregti Oh of ti' A13S plastic.

The Parker Origa lhallscre w servo assetiblies an' mounted on a single plate in

Srder to enslre1 the acclay of th litIll itig holes relative to eacl otEllr. the phite

hias aditiioal suppm rt fron 802H f(xtrllsi ribs a lii g. 111'gThic fild desigi is i

i Figure 5-9.
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Figure 5-9: Solid Model Rendi1 cring of the Triple Scissor Extender

5.3 Manufacturing and Assembly

The TSE structural coilponents Were all designed to be easily cut oi an )Oniax 5555

waterjet,, with rapid inaufacturing, niiinal finishing operations, and quick assenbly

iniiind.

Tie )trOm ax 5555 waterjet (Figure 5- 10) us to c(it the structural comiponeits has

a Pitioning accuracy of 0.001 inchtes with a 0.0)10 inch repeatability, (nsiring t t

each scissor Im echaiusim is idientical. and that all mounit ig holes fOr the ballscrew

actuators art' accurately positioled.

The links of the scissor iiechaniisms wCre CIt fronm 0.375 inch thick 6061 Almti11uin

(See Figure 5-11). Material of this thickness will leave a significant taper in any holes

cut oIl a Wat erjet.. so these hokes wer purposely undersized in order to facilitate a

finisling opraat. Each hole for the bearings and shoulder bolts was finished using

a reamer in order to achlieve a transition fit.

I th1 botitm p tf(111 was bt1ted 1n tllto I, $020 structure for increased stiffness.

Tih 6 Park r OSPE linear actnators were lolted ioxvn to the notoi platformn uis ing

5S
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Figure 5-10: The Top and Bottom Plates being cut on an Omax 5555 waterjet.

the nonnting holes cut on the waterjet to ensure alignment.

The 6 Bottom Ball Joint Adatpters were 3D printed out of ABS Plastic oil a

Stratasys Dimension 1200es. They shoulder bolt shaft holes were finished using a

reamer to achieve a transition fit, and the end was tapped to secure the shoulder

bolt. Each adapter was tie n bolted onto tie top Face of the carriages of Owl PlarLer

OSPE I Inn r actuators.

Tli lhrw scissor mechanisms Were assemtb.d (See 5-11), witi each pin joint's

hearings premlodeid Isinig a torqtll( wrench to prevern t damage to the flatgei roller

beaiings. Thle tops of t1i ti' in 'issor mechanisimls were pintined to the 1)dl joints at

(the apices of the Top Platforitm. Tihfe Top Platform was then positioned in a raised

Cont fi guratlo0 at the center of tie I ase, aiid the bottom ball joints of cah scISSor

itlc111nism were plited to tie It ittom Ball J.1 it Adapters of t in r 111(0 actutIators, to

omplete the asSetmbily. THl iial (sselbly is shoXwli it two cottfiguitions In FIiigure

5- 12.

bb-
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Figure 5-11: Set of scissor

bled
Ile(chAnism parts 1(it c.n1 the iater , jet an1d maitialVy assem-

5.4 Electronics, Controls, and Software

Each servo is driveand c(ntrolled by (a Co Ipley AcceIcnt painel (Figure 5-13). In order

to facilitate Ililtethered use, the system runs on four A123 12N7 ALM LiFePO4 battery

iiobiles in series, for a 52.8 Volt (48 Volt nominal) system. A 48 Volt LiFePO4

charger can be used to recharge the batt try moduhles, and they have internal battery

maIn magemilent syst amns for blalaucing and ( ovde/ d ol tage and current trotection.

The six servo drives use a Kvaser Leaf CANo-In USB Interface to comuniniicat e

with a C++ control program running on a laptop ruuing Ublntu Linux 14.04LTS.

TjIs pro gram leverages the C ti Motion Libfraries (CIL) provilded by Coplay for

, (rVO c o anld the Armaddl() Linlear 'Ahlgebra Lbrary [( fr ompulting1 the Inverse

Jacin 11411 1I-linC.

(it
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Chapter 6

Experimental Validation of

Differential Motion

6.1 Procedure

An experiment was conducted in order to evaluate the Inverse Jacobian's effectiveness

for use in purely differential (stepping, or jogging) motion control of the TSE (See

Figure 6-1). By beginning the experiment at a known state of actuator displacements

q and top platform pose p, differential motion can be achieved by calculating the

current Inverse Jacobian, multiplying it by a desired small change top platform pose,

and commanding the actuators to move by that amount. For simplicity, only the

horizontal configuration (no rotation) was considered.

The control program writes each new p and q to a file to create a dataset of desired

states. The top platform's actual motion cam be measured using a motion capture

system to create a dataset of actual states. An OptiTrack motion capture system

consisting of four Flex3 cameras and a supporting structure was built around the

TSE. OptiTrack Motive software was used to track markers that were placed at the

three apexes of the TSE's top platform. These data were then exported and compared

to the desired dataset to verify the Inverse Jacobian differential control scheme. A set

of discrete translations in increments of 6.35 millimeters (0.25 inches) was performed

about a central pose at a height of 1173.16 millimeters (46.1875 inches).
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F i'r 6-1: Lxperiimental Setup

Motion Capture Cameras x4

Motion Capture Markers x3

Motion Capture Computer

Robot Control Computer

Servo Drives x6

Triple Scissor Extender

6.2 Results

Figire 6-2 shows tlAt the top pltf1 ioiisistently loves tlihe Salie amount ili each

aXis, but doies not move the desired amloillt. This reveals a systenatiC rtOt , (1 tler

ill the Iilodel o li the ilcotrol architecture. The mod.10l Io's iiot take into accoiiiit

the passive stri-ctiiral iechanics such as the mass and stiffness of the individual

(o)l eii(lits of the TSE and how gravitationai loadiing iay alter the Imodeled veIsuIs

tIIe 1tIIa1 IosItIoI.

Anotier

.a-olnaii, I'sF

ible , soiurcc of error colld 1e that the experimnital j)g -a11t of

t( is too l arJc to all Ow Ir f ist-wrdir colitrol ab pin . i' jit.- As the

ifteti ve a liieaiZatioiO ai)(Oit. sil' operating poidii. this first-irder
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Desired and Measured Translation vs. Time

7 5

4 X Desirly

Frd Tsier2

I1

x

Figure 6-2- Top Platoitn Desired (Iand Mleasuredl Iaiislation vs Time1

approximatiou li'av not. propelyi c(aptir tile 11ioiililear kineri tatics of tbe 1SF at ie

scale f tile jog tullOUhlt. To restlve tllis, tli1 jog a1i1 unt woul(l need to be (lecroased

St that a new Inverse Jacobian calculated inore often betweei motionls, siuttlin

out the kinemttic nolinearitios.

Regardless of ti caisc tf t(rr(Or, eidpoint feedback using a motioii capture system

or soic other external sensing could be used to obtaiu full closed-loop control of the

TSE and eliminate any remaining error. TIhe TSE using the Inverse Jacobian with

either a. passive structural itechaiiics itodel, fully 3c1itinit ous Jacobiaii calculation

and inotion integration, and/or closed-loop 'lcpoint feedback control would be able

to reach any pose within its wtrkspace.
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Chapter 7

Extending Functionality with

Detachable End Effectors:

FASBots

7.1 FASBot Requirements

The Triple Scissor Extender [1] was designed for autonomous fastener installation.

With its large height range, it can reach any location along the inside of the fuselage

structure, but its effectiveness can be extended through process parallelization. The

Triple Scissor Extender (TSE) can act as a parent robot, picking and placing a number

of child robots that couple to features along the inside of the aircraft. That way, a

single TSE can transfer as many child robots as are needed by the outside robots

performing the drilling, reaming, countersinking and insertion operations.

This concept has been explored by Boeing using a suction system [8], but im-

provements in machine coupling can be made to improve the child robot's positioning

repeatability. In order to ensure that the child robot repeatably aligns with respect

to the fasteners every time it attaches to the airframe, a coupling mechanism using

design iisight from kinematic couplings can be used.

A machine was developed using a deterministic design process [9] in order to
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dhit eve it pre(italy ligl-periorniing aid rolist solulion t ,(lie prol emu of paral-

letizlble liiat fastener instillation.

rM11 !
-NA

NI.1-1A11 d. 1V
t [

Figure 7-1: Ti final FASBot CAD rendering.

a-

ii

We call this rmaclinIle a F-\SBot, or FAStening roibot (S Figure 7-1).

The FASBot Functional Requirements are as follows:

* Tjp FASBoti must a ttaehl itself to features on lie inside of the airframe.

* It must align witi respect to tHie fastemners withoi it aii external selsitig proc(ss.

* It must access tie area where the shtear ties ar faste iel.

" It must hold and actuate the nut driver tool.

* It must not fall and break itself, the aircraft, or people.

* It must mot otherwise (anage di, airciraft.

* It must be ab& to pri(isely p sitic the inut drivir tod aloig the shear tie and

fasten at least six fasteners in a row.

GIs
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" It must not deflect the shear tie during the outer robot drilling, reaming, counl-

tersink, and insertion operations.

" It must handle fastener insertion misalignment up to 0.010 inches.

" It must couple to and attach to the Triple Scissor Extender.

7.2 FASBot Detailed Design

7.2.1 Clamping and Axis Design Details

The most critical module of the FASbot is the clamping mechanism. Without a

reliable clamp, the FASBot would fall and potentially break, may harm the aircraft

being assembled, and may harm a worker.

Il order to clamp against gravitational loading, a frictional model must be at-

tained. If there are two clamps, each with two contacts against the shear tie, then

there are four surfaces total engaged.

Fq - 4 /IstatieFciaup (7.1)

The holding torque of the NEMA 17 stepper notor is 0.45 Newton-meters. The

motor has a resolution of 1.80 per step, or 200 steps per revolution. If we desire a po-

sitioning accuracy of 0.0005 inches, then we need a transmission ratio that moves the

carriage at most 0.1 inches per motor revolution. The minimum pitch of a leadscrew

would be 10 threads per inch.

With this transmission method, the maximum force out would be 1110 Newtons.

If we assume 25% transmission efficiency, then 277.5 Newtons can be applied to the

carriage.

To decide on a minimum leadscrew size, buckling must be taken into account.

The following formula may be used to determine the force required to buckle a beam

with Young's Modulus E, cross-sectional second moment of area I, and length L. In
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ihe V fix(-roulnd1et d hoIdrlly(lrV conditions, n=

If , = 200 gigapascals, Fbi{li 1110 Nw ts, New = j2 inches, and the second

moment of are [ (p/4)r 4 then r 009155 iicties.

A 1/4-16 AC ME leadscrew was selectd beCis ii iIs astarldar size with a smaller

pitch and a g reater diameter than is required. A pitch this small is not backdrivable,

allowing ti 1 clamps tio reiiaaii enIagetd in till (,asi of a power failure. For parts

uen haiigeahihity, both claips aid both axes will use tihe same leadscrew aid linear

rails.

Fire -2: Sect ion View of tlt Z-Axis. I-uth axes and lamps I iave the sam linear

carriage desigln.

For moving the carriage with the leadscrew, pair of ACME muts are used one at

each cmd of ihi carriag. In order to prexvent significant backlash, a wave spring is

placd Ietwncii each ACME nut and the carriage, pushi ig the wits otiward. This

outward force allows the 1it to aiways be enig~ag's with tHi i ter face of the thread

that pushes it. The axial stiffness of the carriage is ieiqual to the stiffiiess of the ACME1

lnut preload spinl ig, maklig it a Type 2 anti-iackiasl system, as defiied il [31.

The twin circular shafts J)ass tirough the tairitge sleeve hearings aind are coi-

straiied at the (i11s. Th1i leadscrew Is coistraintd axi;ltly fromi cmily oe ('d to prevelt

overto ustraimit, A41( Ias radial support at both ends. A pulley allows a toothed belt
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I i.~ Lb
Figure 7-3: Sectio View of fHl driven Clamop Axis.

to transfer torque to a scolid iettical cai p axis on the otier side of the ['ASBot.

A flexible shaft coupling coples the leadserew to a stepper motor.

I

r~ .4 4 4 4..

ALWaNrh; %= - 1

L

4
IA

Fi gur 7-4: Side View Rendering of the FASBot.

I
Thif (limi ieiision1s of ile FA SRot structiure (Fignve 7-4) were chos(en based on at

err anlvsis using the Iilodeled malchine s I tiess.



7.2.2 Coupling to the Fuselage and to the Triple Scissor Ex-

tender

In order to reliablv couple to the top of the TSE, a three-groove Kineiatic Coupling

is used. The grooves are located on the top platforni of the TSE, and tie FASl(ot

has three balls at its top. A inagnet on (he TSE will provide sufficient prel )ad to

keep the FASBOt attached h) the TSE. The FASBOt. has a piece of steel at the center

)f stifflness t Iate -wi 1i the unnet.

(44

Figre 7-5: The five point contacts used for coupling to the fuselage.

Ii rler to iciatibly localizt with itpct. to tii aIircrat s sicar tie for the

fastening operation, the 1F ASBOt itiiz 1 point-contact coupling f eatur(s (See Fig1re

7-5) aid an elasticdly averaiged chinp [L] to t h cople all G p thl fuselage (See

[igure 7-6). The TSF w-iii piace the FASBot against the irnier surfaec of tHi ie fu-s l

aild three 1)alls will aigt the FASBOt to the curved inner snrfaee. When fully coiupled.,

two of the thre surface costrai it halls are in a .ii te so that the FASBot .ani coupie

t~o a fusclage sectioin (d nv rdiuthiis.

The TSE then pushies the FASBhot up, until two additi(nal kills align the FASI} t
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F-1Fiur 1-6: CAD Rendering (-f the F-ASBAot clamlped to the futsclage favcade.

to il trapezoidal1 stringers ti) constrain thw FASBot upward mnotion anldrtai.

Finally, the TSE pushied the FASBot, left unfil the two Inner clamup surfaces contfact

the stringers. Thi,, the clamtps lsewhile the TSE pr-cloads the FASBot against thc

fsagSCCUring the FASBot (to the futselage,. The TSE canl then pull away from the

FASBOt safely, and the clampij f'orcc overcomes the mnagitetic preload force.

The FASBOt is then perfectly al1Pigned With the first fastenier locattion, ild ccal begIn

to performn the fastening operation ill conjunction wvith the outside robo)(t,. Because

of its kincm Atic niature, this localization1 procvss Is rcpeatable wvithlout. the neced for

senIsing)) anld Is robust to crrors inI the positioningy of' the TSE.

7.3 FASBot Manufacturing and Assembly

The FAkSBot wvas designed with rapid 1imufacturing1o) and~ assemlbly III mindI( miinimiz-

ing the nieed f'or m1atilally mlachinwed comtponlents.

All struwtural comipawints were cut fromt 0.250 Inch thick lediium Densifty F Iker-



Figure 7-7: The componeuts were cut from an Epilog lasercutter.

1)ocard (MDF) nsnig an Epilog lasercutter (See Fig0 U1 7-7). r om01111potents reqir ig

tight tolercalncl'S (such C as the axis parts holdlng the ACME nuts and linear motionl

blsings), test parts were (1u( alld nuea 111ed to COiipensate for the kerf of the laser-

Cuttr. This eiis11rdI tiat all t tietse co1polents would laiiiitaiin tnralitiol hts wxith

Ow 11ts and Iushings, 1l1d 110 (1(preload from a preSS fit would callse 1111want-ed frictional

forces would ( Cuis the axes to bilnd.

Eachr axis, like that iM Figure 7-8 was assembled by ststacking the components,

iiisertilig tile 1ut s and 1lishiligs a11(d passing. the twill rails througil themt an1d fixtn1rill

t11ln to the mai struCture 1before tighteing th-e bolts. The ACIE nuts are pressed

in toward each other while the ACME leadscrew is threaded throngh the carriage

in order to elumate backlaslh. Torsional compliance of the X-axis was Cxploited

to allow for passive IiotiCl in the V-axis to aCeoulit fOr anly nisanli enmclt from the

11naltufaCturing process.

The two clalnp axes were zeroed aganst the end of their taivel, and the belt was

installed (See Figure 7-9). Two bearings atd an idler uilley allow the belt to be

tensioned in order to ensure tracking betweeii the leader and followxir clamps.

The eleCtronies roil ipartil1lllt is siowli ill Fi gure 7-10. FA Si C Ct rims1 of t a 22.2

Volt Lithium POIyiter battery. A linear regulator steps down the voltage to 12 Volts
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Figure 7-8: Closeup of the X and Z axes after assenibly.

f r the Arduiio Uno i mivrocontroller. The CNC Shield uses the 22.2 Volts to drive

the stepper motors and the spindle. A pair of XBee wireless comimication iodules

are used to facilitate wireless serial coninilnication between a host cimipuiter anld the

FASBo4. The Arduino Uno on the FASBot an XBee Shield. a(1 tH li1ost laptop has

an Xbee USB adapter. A Python program sends GCCode coniiands to the FASBot.

The electronic componenits Were all oOlted to the FASBot structure using nol-

conduct ig fisteners. The bat tery was secured k) the structiurt using adtesive hook-

and-loop fast 111(1s. All \ir11g1 Wts s(T1&t'rd using adhesive ziptit huhlir blocks so tlitat

Ito comipontsw11 shak or ratl wlhii the FASSBot is carr4ied

The finl 1aIssemlie FASBot (See Figure 7-11) weighs bout 5 pounds.
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Figure 7-9: Thc twin clamnp axeas a-ssembled With the timing belt t-hat. couples their

7.4 FASBot Testing and Results

The Ftsclagc facadc 7-12 is modeled after the long.itudinal stringers and thie clircum1-

ferlltial hartics founld m11 a B~oein1g 787, u1sed to) test mid dei11on1stvcate~ the F-ASBot

ith tHe Triple Scisso)r Extender. The cl-Ampij a-xis provided sufficient- force to holdl

the FASBot- inverted aginist gravitational load-ing and other disturbanwe forcnvs. The

clamnping force overcomes the mag'netic preload from the FASBot-to--TSE kineminfC

copinalkowin~g the TSE to safcly disengage from t,1e( FASBot, and1 perform other

tasks.

'rthe axis positioningf repTeatabilityv and~ backLASh1 were tested to validlate( thc 1m)od-

ulc8 s desipi. Becalis both thle clam~p and nit driver axes ale bascd oii the saim,

dlesig-1n, 1,1(1 becA-use most axes are hard to reach or Instrument, These tests were

condu(hcted oil tHe X-axis.

In ('hec posiiomnng accuracy test,. Qhe FAS13ot consistenttly mnovced slightly umlr tHe

0).00571 It, was comnnatided (,(- move. Implying a systemaLt8ic crr-or. This is possibly dw,

(A rounding errOrs il Ole c~oversi[0 rm iimetero inches Il Ihe grbh firmware.

This, ctrror Can bc climinated uising) tcdbmek cont-rol.

The ckls was tcsted byv j00,0ig the axis left, after hamving moved it, over I linch

7 6



F'ignrc 7-l: IThe lectronis ctiipacti t ()I the FASBot.

to the right. By counitin ig the 1minunber of jp g co1nliuands before tle axis 1e gan to move

in the new (iirectio, the backlash was deterined to be 0.025 inches. Tis is probaily

clue to till' exact locations of the tooth engagement and the series spring (ompressioi.

This pro)blelm caii be climiiiatcd by usig a stiffer spriig with a longer stroke, or by

disassembling the axis and finding the right combinatioii of mit pair rotations that

alitwv for the most spring comipressioi and the least backlash. While feedtack control

with a hysteresis model can account for the backlash, it wi t't perform as well as a

zer1-hacklasih system with feedback control.

The repeatability test involved the FASBot c(iintially tning its X-axis between

4 inches and ; inches in order to move past the backlash hysteresis. Thiie dial inlicator

was zeroed for the first data point rcaching 4 inches. Each data point. was ieasvlred

Ising the dial indicIt r and iimaially enit if( ci iinto a. spreadsheet when the carrieag

came to a stop.

The resits of th repeatablility test arc shown it Figure 7-15. 3 Test Trials were

CnMducted, with the FASBot being honed after each one.

Tests I and 2 cxlibit similar ehavior, with the Iriacl hin always moving- Fiartlher

and Farther away ftm the originlr p)0sit ioll. Tiest 2 was the wiorst, a ii mx in n

deviatioi of 0.035 incht's, iort than the axis tackhisli. This behavior may be at-
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Figure 7-11: The fully assemnbled FASB t.

tributed to the stepper motor skipping steps every time it moves, perhaps becalise

it must overcome static frictional torque. If the axes are overconstradied, one axis

bushing can ie relieved by mountig it on a ftexure or by milling the inner sides that

overconstrain its iotion.

Microstepping may have also b1 useful to preveit skippiug steps due to Ie )o.r

vibratin. These tests were conducted with, in order to imiaximize iotor torque, but

the sharp vibrations in the stepper tmo)tor during acc Aeration/deceh-ration could have

bmen eiough to cause skipping. BiY swuitching to half- or (uarter-stippitg, sioothcr

motion can be achieved with 11o continuous deviation. All of the repeatabilitY rror

can be cimninat ed using fedback contrt .

The best repeatability va a lieved iII T'st '), with a 1iuax1n1111111 deviation of

10.0055 llits.
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Figure 7-12: The FASBot during the various stages of use.

Figure 7-1.3: The TIrn -g v t bree-Iali FASB(t-tu-Tipl Scissor Extenlder Kine-

miatic Coupling.-1
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Figure 7-14: The experimental settup for testing axis repeat ability.
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Chapter 8

Conclusion and Future Work

8.1 Conclusion

The Triple Scissor Extender (TSE) is a novel 6-DOF robot that can reach both high

ceilings and low to the ground. It achieves height amplification through the use of

scissor mechanisms, and can reach any pose in its workspace through the coordinated

motion of linear actuators located at the base.

Using the Kinematic Constraint Equations, the Inverse Kinematics can be solved

given the implemented design parameters, allowing the TSE to be commanded to

move to any point in its workspace. The Spatial Gear Ratio defined by the eigenvalues

of the Inverse Jacobian matrix provides useful information about the configuration-

dependent motion and behavior of the TSE. The design parameters that govern the

motion of the TSE can be modified to change the TSE's height amplification proper-

ties, and configuration-dependent translational and rotational motion behavior.

A prototype of the TSE was designed and built in order to amplify motion by

5 times and reach up to 63.75 inches. The prototype made use of commercial off-

the-shelf components and a structure made of Aluminum that was cut on an Omax

waterjet. A differential motion and inverse kinematic control program was written to

command the prototype using a computer.

Tests were conducted on the TSE prototype to validate the differential motion

control scheme. Systematic errors were found to be caused by unmodeled structural
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ThW fh[1toJahitv of the TSE was expian(te(1 with Fastening 01Robo(s (FASBIot,)

eunab l ig a single TSE to manage multiple A SBots that, perfori manufacting op-

(rations. A prototype FASBot was (lesignled to couple to the TSE and clamp to Ole

1si(le of a mockup Boeig 787 fuselage. ihe prototype was built 8a11( successfully

pci'rormed the clan ping awd fastening task while workiug ill COinjunction with the

TSE.

In addition to aircraft manufacturing, the TSE iay be used for many other ap-

plications requiring 6-DOF end effector motxio where a greater workspace than a

tradittoial Stewart platform is required.

8.2 Recommendations for Future Work

As a mahiie tool, the Triple Scissor Extender would need to meet high stiffness

requir meents - Modeling and validating the stiffness of the TSE

ft I
UCIUJ

V

Figure 8-1: Example of Error Modeling for Stiffiess Analysis of a singde Beam

For example, a single beaim'i s stiffiess properties can be m todeled for axial forces

ad m!olmients, 8and beindinIg forces mid momenits (See Figure 8-1). These forcS cant

he propagate(I along the entirety of a structme ila up of any ituinber of rigid links
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z FX nA

Fy ,MY A%



as in Figure 8-2. The resultant deflections from these forces can than be propagated

forward until the total endpoint angle and deflection are measured. A combined

stiffness matrix between the endpoint and the base platform can then be solved for,

allowing the TSE to be positioned to configurations where its stiffness or compliance

may be optimal for a given task.

Dynamic analysis can be performed given the stiffness properties of the TSE.

Controllers can be designed to compensate for the high-frequency system dynamics

due to structural compliance in order to achieve high-speed tracking with the end-

effector. Endpoint position and force feedback can also increase the performance and

functionality of the TSE controllers.

An optimized redesign, given the design parameter sensitivity insight from Chap-

ter 4 and the above stiffness analysis, would be another next step. The scissor mech-

anisms can use CNC milled linkages and stiffer bearings to increase performance.

Custom linear slides can be designed and built to the exact specifications required for

the task, and can be integrated into the base platform. The motor drivers and bat-

teries can be integrated into the bottom platform and wheels can be added, making

the TSE a mobile robot, able to maneuver around factory floors in order to perform

tasks autonomously.
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