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Abstract 

Macro-micro manipulators are used where a long, lightweight manipulator with fine end­

effector control is required. The large, flexible macro-manipulator deploys the small, rigid 

micro-manipulator to a work site, where the fine dexterous control of the micro-manipulator 

is utilized to perform a specific task. Residual vibration in the macro-manipulator can be 

actively damped by the micro-manipulator. 

Two algorithms for active damping are investigated. Each method is simulated on 

several simple manipulators and implemented experimentally on a macro-micro manipulator 

test-bed at the University of Victoria. Active damping performance is dependent not only 

on the choice of active damping algorithm, but also on the nominal micro-manipulator 

configuration. Three tools for predicting the optimal micro-manipulator configurations are 

evaluated against the two active damping algorithms. Little previous research effort has 

been directed towards making such predictions. 

The University of Victoria macro-micro manipulator was developed specifically for the 

active damping experiments. Design, modelling, and control details of this manipulator are 

presented. 

r. R. Podhorodeski, Department Member (Dept. of Mechanical Engineering) 

Member (Dept. of Computer Science) 

Dr. W.S. Lu, External Examiner (DepL. of Electrical and Computer Engineering) 
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Chapter 1 

Introduction 

1.1 Macro-Micro Manipulators 

Robots have been traditionally constructed with rigid, or at least very stiff, links and 

joints. T his type of robot has seen wide use on factory floors and is very well suited to that 

environment. In recent years, as robotics has moved into new environments, new classes of 

manipulators have arisen. One specialized class is characterized by light weight construction 

and a large work space, with the inevitable result of a very flexible manipulator. In this 

work. all such large, flexible manipulators will be called macro-manipulators. 

The Shuttle Remote Manipulator System. or CanadArm as it is more commonly known. 

is a good example of a macro-manipulator. vVhen it was conceived for use on the American 

Space Shuttles, t he design and operational constraints were very different from those for tra­

dit ional manipulators. Although rigidity would be beneficial, light weight was the domina nt 

concern due to the prohibitive cost of placing a heavy arm in orbit. As with any manipula­

tor, accurate end- effector position and force control is essential for performing tasks with 

the CanadArm. As such. the lightweight flexible links pose a control problem. To minimize 

vibrations, the arm must be moved very slowly and trajectories must be carefully planned . 

Even with these restrictions, operational time is wasted while residual vibrations <lecay. 

T he addition of a small, rigid micro-manipulator to the tip of the macro-manipulator 

1 
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has been proposed as a solut ion to the competing design constraints of light weight. large 

work space, and accurate tip control. In practice. t he large macro-manipula tor is used to 

deploy the micro-manipulator to the vicinity of a work site. T he particular task is t hen 

completed by taking a,dvautagc of the fine dexterous control of t he micro-manip ulator. 

T wo prominent examples of such rnacro-micrn manipulators arc illustrated in Figure 1.1. 

T he Light Duty Utility Arm will be used fo r nuclear waste remediation at various United 

States Department of Energy sites. A Ver tical Positioning Mast, 39' in length, is used 

to insert the seven degree-of-freedom arm in the tank through 12" diameter risers. Mast 

flexibility here is the result of geometric, rather than mass, restrictions. T he Space Station 

Remote Manipulator System / Spec.:ial P urpose dexterous Manipulator (SSRMS/SPDM) 

combination will be used in the construction of the Interna tional Space Station. Both the 

SSRMS/SPDM and the LDUA are under development by Spar Aerospace Ltd .. in Ontario, 

Canada. 

A planar macro-micro manipulator. the LAURA-SARA manipulator. was developed at 

the University of Victoria for experimental work. LAURA and SA R A arc acronyms for ·Long 

Articulated Uvic Robotic Ann' and 'Small Art iculated Rigid Arm· respectively. Details of 

this manipulator are presented in Chapter 2. 

1.2 Active D amping 

Without, special control techniques, the rigidity of t he micro-manipulator is of little use when 

its base. the t ip of t he macro-manipulator, is vibra ting. Macro-manipulator tip vibration 

can be reduced in two ways without adding additional hardware. F irst, path-planning 

aims to plan joint trajectories which minimize the magni tude of vibrations excited in the 

macro-manipulator. A micro-manipulator is not required for path-planning algorithms, 

but t he extra degrees-of-freedom can be beneficial. T he second op t ion is to use the micro­

manipulator to damp any residual macro-manipulator vibrations. Bandwid th considerations 

generally preclude the use of the rnacro-manipulator for such active damping. 
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(a) Light Duty Utility Arm 

(b) SSRMS / SPDM 

F igure 1.1: Two Exa.111pks of Macro-Micro Nfanip ulators: Light D11ty Utility Arm and 
SSRMS/SPDM 
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Path-planning and active clamping are complementary strategies. The former is us0d to 

minimi7,c the magnitude of the residual vibrations, but the inevitable rclllainiug vibrations 

arc dissipated by the latter. 

The focus of this thesis is active damping using the micro-manipulator. Two active 

damping algorithms and three tools for predicting the optimal micro-manipulator configu­

rations for active damping arc tested. The a lgorithms and prediction tools arr developed 

in Chapters 3 and 4 respectively. Simulation and experimental results are then presented 

in Chapters 5 and 6. 

1.3 Review of Active D amping Literature 

P rior to 1990. most active damping research was applied to t he macro-manipulator alone. as 

macro-micro manipulators were virt ually uuknown. T he limited bandwidth of the macro­

manipulator actuators generally hinders the performance of this approach. With the advent 

of macro-micro manipulators. the research focus shifted to using the micro-manipulator for 

activ0 clamping. As this is also the goal of t he present work. only micro-manipulator active 

damping research is summarized below. 

A dual tim(' scale approach to active damping was presented by Book [l]. A 'slow· 

controller is used for the rigid coordinates, while a 'fast' controller simultaneously dis­

sipates elastic vibrations. The macro-manipulator model was simplified by locking the 

macro-manipulator joints and modclliug elastic deflections with a single assumed mode. 

Micro-manipulator joint torques wcr<' calculated as a sum of thP s low and fast controlk•r 

com111auds. Only a theoretical presentatiou of the dual t ime scale algorithm was given, with 

no s imulation or experimental results. 

In a follow-up paper, Lee [9] extended the original theory for a micro-manipulator with 

any number of actuators, although the macro-manipulator joints were again assumed locked. 

Other changes i11creascd the efficiency of the algori thm for real-time implementation. The 

slow (rigid) controller gains were calculated to give crit ical micro-manipulator damping. 
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with an upper bound placed on t he proportional gains due to t he required separation 

between the closed-loop rigid (slow) frequencies and the elastic (fas t) frequencies . T he 

micro-manipulator joint torques from the slow controller were augmented with fast con­

t roller torques calculated from elastic deflection measurements. T he fast controller gains 

were chosen with classical root-locus techniques to give highly da mped poles for the elastic 

system. 

Experimental results on t he Georgia Instit ute of Tcch11ology's experimental marro-micro 

manipulator were also presented by Lee [9]. The acronyms RALF and SAM. for ·Robotic 

Arm, Long a nd Flexible' aud 'Sma ll Articulated Ma nipulator ' . identify the macro- and 

micro-manipulators respectively. For t he active damping experiments. all R ALF joints were 

locked , aud a single SAM joint was also locked so that all motion was co-planar. Exccllcut 

damping performance was obtained. 

Further experimental work and implementation details were p resented by Lee [8]. Ad­

ditionally. a simple lumped parameter model of the RALF-SAM manipula tor was used to 

decide on t he best configurations for active damping. Very specific RALF and SAM con­

figurations were required to avoid phase-lag problems because the strain gauge sensors a n<l 

SAM joints were not collocated. 

Trudnowksi [24] proposed a second approach to active damping, called iner t ial dampiug. 

Again the macro-manipulator joints were assumed locked and only the first elastic mode 

was used in the controller design. T he micro-manipulator joint torques computed using 

traditional. stiff PD gains were augmeuted with torques c,1,Jculated from elastic state feed­

back. Since the elastic s tate feedback is separate fron1 t he rigid state feedback. the control 

ard 1itecture is versatile and simple to implement. 

Experimental va lida tions of t he inertial damping method were performed on t he large 

test facility at the Pacific National Laboratory (P L) in Richla nd , Washington [10, 11]. A 

lineari½ed model of the manipulator was developed and stiff joint PD gains were cltoseu for 

t he rigid feedback loop. The elast ic st ate feedback gains were calculated. using classical 
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root-lorns procedur<'s. to dissipate first C'lastic mode vibration while li miting th<' bandwidt h 

to avoid exC'iting higher elas t ic modes. 

Furt h<' r <'XJ)<'rirn<'ntal work at P:\'L [2. 3] and with t he SAi\1 manipulator [3] im·<·stigatC'd 

the us<' of inertia l da.mpiug i11 conjunction with conunaucl filt.cring Ll'd111iqucs. Command 

filtering is a method of local path-pla nning and is not discuss<'d fur t h<'r. How<'V<'r. it was 

noted tha t da mping perfon11a11ce (using inertial da mping) was dep C'ndent on t he micro­

manipula tor configuration. No signifi<-ant a ttempt a t de t<'rmining the optimum micro­

manipula tor configurations was made . 

Sha rf [15. 16] presented a n alterna tive active da mping algorit hm. whC're th<? macro- and 

micro-ma nipula to rs were considered sepa rately. A desired instantaneous macro-m,lllipulator 

t ip wrench for act ive da mping was calculated. a nd micro- ma nipula to r joint motions which 

would a pply this desired wrench were found. Tl1cre wa,;. however, 110 provision for micro­

ma nipula to r position or v('locity cont rol and large jo int rat<•s would o ft en result. 

T he above ac-tive da mping methods a ll rely on the a va ila bility of elas tic state• measur<'­

ments. Iu Cha ptN 3. such 111etho<ls a r<' tcrn1<'d Cartesian Spac(' De rivative (CSD) control. 

.Joint Space Derivative (.JSD) control methods . s uch as t he P seudo-Passive Energy Dissipa­

tion ( P-P E D) a lgorilhm d<'V<' loped by Torres [21 , 23]. a r<' funda menta lly cliff<'r<'lll. Ra.tlw r 

t ha n s<'11s i11g th<' elastic state . it is obs<'rV<'d indireclly through the mot ions incl tH"<'d in t lw 

n1icro-11ianipulator by macro-ma nipula tor vibrations. (S<'c C ha pter 3 for a mor<' t horough 

<'xplana t ion of CSD a nd J SD control methods). 

P-PBD sought lo a pproxima te th(' micro-ma nipula tor as a combina tion of simple mass­

spring-damper syste ms. Each mass-spring-damprr was t 1111ed to dissipate linear mano­

manipulaLor t ip mot.ion in a s pecific d irection. Consistc•nt with t he above 111<'lhods . t he• 

macro-ma nipulator jo ints were assunH'd locked. 

Experime nta l va lidations of P-PED were perfo rmed on two ma nipulators; Lhc Martin 

?.Ia ri<'tla Ha rmonic Drive Ma nipula to r [21. 23] a nd the \-Iassachusctts Insti tu te• of Technol­

ogy Elastic I3ealll Manipula to r [23]. Tlw dampi11g 11nder P -PED contro l was rnns idc ra bly 
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better than with stiff PD gains. Opt imal Harmonic Drive Manipulator configurations for 

P -PED experimentation were found using the Coupling Map [21, 22], which was originally 

presented as a path-p lanning tool. 

1.4 Thesis Organization 

In Chapter 1, the motivation for macro-micro manipulators and the problem of rnacro­

manip11lator vibration were introduced. The problem can be addressed by using pat.h p la11-

11ing au<l/or active damping. Actively damping macro-manipulator vibrations wilh the 

n1icro-ma11ipulator. and predicting t he best. micro-mauipulator configurations for doing so, 

are the goals of this work . Previous w,carch in these areas was summarized. 

The University of Victoria's LAURA-SARA manipulator is discussed in Chapter 2. Me­

chanical design of the manipulator. the development of a numerical model. model validation. 

and control system details are described. 

All theory and derivations arc presented in Chapters 3 and 4. In Chapter 3. the two 

active clamping methods that form the basis of simulation and experimental work. Pseudo­

Passive E11ergy Dissipation and Impedance Matching, are derived. Implementation details 

for the simulations and experiments arc also discussed. The Coupling Map (CM). Acceler­

ative Damping Map (ADM). and Modal Inertia Map (MIM) are introd uced in Chapter ..J. as 

tools for predicting the optimal micro-manipulator configurat ions for act ive clamping. Such 

tools have received little attention in previous work. 

Chapters 5 and 6 arc dedicated to the presentation and discussion of results. Simulation 

results for fonr very s imple macro-micro manipulators aud a simplified LAURA-SARA mani­

p ulator arc presented in Chapter 5. Experimental results on the LAURA-SAf! A manipulator 

are presented in Chapter 6. In each case. t he performance predictions from CM, ADM. and 

MIM a.re shown and compared to the simu lation/experimcutal results. 

Conclusions, thesis contribu tions. and future research opportunit ies arc discussed iu 

Chapter 7. 
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Chapter 2 

Experimental Facility 

The planar robotics test facility at the Univers ity of Victoria is versatile and well s uited to a 

range of experimental studies [17. 18, 19, 26] . A large glass table supports up to three NSK 

direct-drive joints, three Harmonic Drive joints, and a newly constructed micro-manipulator. 

Air bearings under each joint minimize friction with the table . 

For Lhis work Lhe facility is configured as a macro-micro manipulator called the LAURA­

SARA 111anip11lator. LAURA is an acronym for Long Articulated UVic Robotic Ann. and 

SARA for Small Art iculated Rigid Ann. A photograph of the assembled manipnlator is 

shown in F igure 2.1. 

T his chapter is composc>d of five sections. In the first two, the mechanical details of 

LAURA and SARA a re g iven. A numerical model of the complete manipulator is developed 

in §2.3 and validated experimentally in §2.4. Finally, control system details are presented 

in §2.5. 

2 .1 Macro-Manipulator ( LAUR A ) 

The components of LAURA have been discussed extensively in previous work, and therefore 

are only summarized here. A general description of the complete facility, prior to the 

addition of SARA, is available in [13]. 
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F igure 2.1: University of Victoria ·s Experimental Macro-Micro Manipufator (LAURA-SARA) 

Two Harmonic Drive (HD) motors actuate t he macro-man ipulator. Models RFS-32-

6030 and RFS-25-6018 a,re used at the shoulder aud elbow respectively, delivering peak 

torques of 215 Nm and 100 Nm. Harmonic drive gearboxes do not suffer from t he backlash 

associated with conventional gearboxes, but do have more flexib ili ty and generally higher 

friction. Wright describes t he structure and operation of t he LAURA HD mot.ors in an 

investigation of control schemes for flexible joint manipulators [26]. 

Stanway [19] modelled the flexible links as part of his validation of a flexible manipulator 

s imulation on this faci li ty. Each link is made from a 500mm length of a luminum with a 

50x6.35rnm cross-section. 

2.2 Micro-Manipulator ( SARA) 

T he SARA manipulator was designed and const ructed specifically for t his work. Machining 

drawings for the complete manipulator a rc available in Appendix A. The mechanical design 

was dri ven by two types of constraints. F irst. SARA had to i11tcgrate into the cxistiug facility. 

including the existing (macro-) joints and links, air system ( for the a ir-bearings) . control 

hardware and overall control a rchitecture. These requirements dictated a design with the 

following main features: 

• it is a planar, three-DOF robot, approximately 1/4 the length aud mass of LAURA; 

• it uses an a ir-bearing .flotation system for support on the existing test-bed table: 

• it has u11li111itecl joint rotation. 
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Input Coupler 
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(b) 

Flotation Arm 

a 

Figure 2.2: Small Articulated Rigid Arm (SARA) 

T he second type of constraint stemmed from SARA's intended use, which was for dexterow; 

tasks, and for active damping in particular. The overall shape of SARA is shown in t he 

drawiug and photos of Figure 2.2. Detailed descriptions of SARA's construction, actuation, 

and flotat ion follow. 

2.2 .1 Motors and Amplifiers 

T he micro-manipulator has been designed around three direct-drive brushed DC motors 

from Inland Motor. Direct-drive motors were chosen based on an analysis of the required 

rnino-mauiµulator motion for active dampiug. which revealed requirements for high band­

width operation and rapid starts and stops. The followiug joint characteristics are t hus 

clesi rable: 

• low static and viscous friction for efficient operation; 

• stiff output to avoid strnctura.l resonances; 

• It igh torque-to- inert ia ratio at t he output for rapid accelcratio11. 
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Gearboxes tend to add both friction and compliance to the output. so d irect-drive motors 

arc the obvious preference to satisfy the first two requirements. T he third seems to favour 

a geared motor. since the maximum torque output from a given motor increases linearly 

wit.Ii the gear ratio. However. the effective rotor inertia increases with the sq1wre of the 

gear ratio. so tlw torque-to-inertia ratio of a given motor in isolation act11a lly decreases as 

t he gear ratio is increased. (The advantage of d irect-drive motors does however decrease 

with a la rge inertia l load at the output). Neither type~ of motor therefore offers a definitive 

ad vantage for rapid acceleration. Since direct-drive motors arc the clear choice for two out 

of three requirements . t hey were chosen to actuate SARA. 

The pa rticular choice to use DC brushed motors was based on previous experience with 

NSK brushless direct-drive motors, which were found to be highly non-linear and difficult 

to control. Brushed motors have a very linear relationship between the current input and 

torque output. so that calibration and accurate torque control are simplified. 

The fina l motor specification was based on size limits and the torque-to-mass ratio. 

Table 2.1 summarizes the selected motors, which are designed to de liver high torques at 

low speeds and have small electrical time constants for fast resp onse [7]. The motors arr 

framelcss, meaning that the brush ring, stator, and rotor we re supplied as separate pieces. 

T he motor mass properties iu Table 2.1 do not incl 11de the joint hous ings. Mass properties 

fr>r t h<' complet<' jo ints a rc given in §2.3. 

Table 2.1: Mccha.nical and Electrical Chan1cteristics of SARA Direct-Drive Brnshed DC 
Motors 

Max torque (Nm) 
Max speed (rad/s) 
Outside d iam (mm) 
Inside diam (mm) 
Mass (g) 
Time Constant (ms) 

Shoulder 
(T-3910) 
1.36 
36 
115.9 
74.6 
499 
0.84 

Elbow / Wris t 
(T-2171) 
0.85 
57 
71.4 
25.4 
383 
1.5 
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F igure 2.3: Cutaway Views of SARA J oints 

The Precision Micro Dynamics BT-28V-6A linear amplifier was selected for its linear 

output. configuration options. low price, and local availability. Conventional Pulse Width 

Modulation (PWM) amplifiers are electrically noisy at the pulsing frequency. Their use in 

t he vicinity of a nalog sensors. such as the strain gauges used in this facility. is therefore prob­

lem,itic. Linear amplifiers produce a DC current output proportional to t he instantaneous 

commanded torque, and thereby avoid the electrical noise problem. 

2.2.2 Joint D esign 

Since the T-3910 and T-2171 motors arc frameless. a housing design for each joint was 

required. The interna l structure of the joints is shown in Figure 2.3. The elbow and 

wrist joints arc identical except for minor differences in the mounting bolt patterns on t he 

input couplers. Init ially. slip rings were specified for each joint to a llow truly unlimited 

joint rotations. but the large number of addit ional electrical connections proved diffir:ult to 

maintaiu. Braided wires now run through each joint. a llowing for two to three complete 

revolu tious. 
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2.2.3 Geometry and Flotation 

T he cantilevered, offset construction of SARA allows each joint to turn through a complete 

revolut ion without interference. In Figure 2.2b, the SAR A shoulder joint is shown rotated 

180°. T he elbow joint passes through the open space between the shoulder joint and its 

input coupler. T here is also no contact between the SARA wrist joint and the second macro­

manipulator link as the former swings over the latter. 

T he air-bearings under each joint are capable of supporting large vertical loads. but 

only small out-of-plane moments. The LAURA design minimizes the out-of-plane moments 

by aligning the joint centres of mass in a plane parallel to the table. It was not possible to 

similarly align the SARA centres of mass because of its cantilevered construction. Instead, a 

flotation arrn with two air pads was required, as shown in Figures 2.2b and 2.2c. Spherical 

bearings at each pad ensure that no moments are applied to the pads, and allow them to 

float over small irregularities in the table. Together with the air-bearing under the LAUR A 

elbow joint, the two SARA air pads form a stable tripod against all out-of-plane loads. 

A single a ir line supplies both SARA air pads by way of a T-fitt ing. On each arm of 

the T, the tubing is severely restricted to present a large resistance to air flow. Without 

these restrictions. unequal loads on the pads would resul t in collapse of the heavily loaded 

air- bearing. 

2.3 LAURA- SARA Manipulator Model 

An accurate model of the macro-micro manipulator is required for the active damping 

calculations described in Chapters 3 and 4. In this section, a complete inert ial and stiffness 

model is described. 
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F igure 2.4: Model of Harmonic Drive Joints 

2.3.1 LAURA Manipulator 

Joints 

The HD motor model developed by Wright [26] includes inertial properties for every motor 

component. and a gearbox model comprising stiffness, linear viscous friction. aud static 

friction. The model presented here is based on Wright's work. For the purposes of frequency 

domain validation, closed-loop proportional gains are incorporated into the joint models. 

T he friction terms have however been dropped as their effect on the system is masked by 

the closed-loop control. 

Figure 2.4 illustrates the HD joint model used to develop the joint stiffness and inertia 

characteristics. Each joint is represented by three bodies, namely the input assembly, the 

rotor. and the output assembly. The harmonic drive gearbox is represented by a planetary 

gea1train for simplicity. Gearbox compliance is modelled by a torsional spring between the 

rotor and the output assembly. The experimentally determined spring constants [26] are 

18 000 and 10 000 m/rad for the LAURA shoulder and elbow respectively. For convenience. 

the rotor angle is measured at the output of the gear reduction, just before the torsional 

spring. 

The effective inertia of the rotor, I r,e, is dependent on the relative motion bet.ween the 

rotor and the input assembly. When the two bodies rotate together, the effective rotor 
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inertia is <'q11al to its actual inertia. Ir,, = Ir. However. for r<'lative motion b<'IW<'<' ll tll<'S<' 

bodies, (,he actual inertia is 1nult iplied by the square of th<' gear ratio, N . to arrive at t lw 

eff<>cti,'<' inerlia. l r,, = N 21r. ThP gear ratio is 51 for tlw LAURA should<'I" and 50 for Llw 

<• lbow. 

Th<' rotary dynamics of a single harmonic driv<' joint can be desnihc'd as follows: 

10 + K gf} = -r 

where I and K 9 arc' the joint inertia and gearbox stiffness matrices defined as 

l = 

0 

0 0 

0 

0 

k g 

0 

k g 

(2.1 ) 

(2.2) 

0 = [0,.0, .. 00 ]7. and -r = [-Tr.Tr,Of". TIW - Tr term is a rcarfion torqu<' which acts aga.i11sl 

the iuput assembly. 

For th(' fr<>q11e11c-y domai11 validation <'xperi 111cnts, the 111acro-ma11 ipu lator joints ar<' 

·locked· in a nominal configuration by applying rnntrol torques proportional to the joint 

position <'t-rors. To model this. the gearbox stiffiwss matrix i11 <'quat.io11 (2.1) is augmented 

with th<' rotor stiff11C'ss matrix due to th<' proportiona l gain. 

P - P 0 

P = - P P 0 (2.3) 

0 0 0 

Th<' traditional model whN<' the rotor is rigidly attached to the input assembly is approx­

imated with a very hig h proportional gain. P. In §2.4. numerical frcqu<'ncies ar<' calculated 

for this rigid case using P = 109 Nm/rad. A compliant case is also investigated, where P 

for eaC'h jo int is S<'f equal to f he actual proportiomd gain 11s<'cl experimentally. Th<•se gai11s 
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are 8000 and 4000 Nm/ rad for the LAURA shoulder and elbow respectively. 

Links 

The two flexible links are modelled as cantilevered beams discretized with a s ingle beam 

element . Accordingly, each link has three local (elemental) degrees of freedom; two t ip 

displacements and a tip rotation. 

The links arc connected to the joints via standard input and output couplers. Each 

coupler, and the corresponding link end-point. is offset radially from the joint axis of ro­

tation. To avoi<l int roducing additional coordinate frarnes, the li nk models are appended 

with rigid, massless extensions equal in length to the appropriate radial offset. The link 

coordinate frames arc thus identical to the joint input or output frames. The exteusion 

lengths for each link arc given in Table 2.2. 

Table 2.2: Lengtl1s of Rigid Extensions Appended to Flexible L inks 
Proximal (m) Distal (m) 

First Link 0.115 0.095 
Second Link 0.120 0.200 

2.3.2 SARA Manipulator 

T he direct-drive joints of SARA are much simpler to model than the harmonic drive macro­

manipulator joints. The complete micro-manipulator is represented by four rigid bodies: 

the base, shoulder output, elbow output, and wrist output. Isometric drawings of these four 

bodies are shown in Figure 2.5. 

Since the micro-manipulator was designed and built in-house, the dimensions and ma­

tcria,1 properties of all component pieces are accurately known. Only the bearings and 

encoders required modelling assumptions. The bearings are approximated with two con­

centric homogeneous hollow cylinders whose total mass matches that of the actual bearing. 

T he inner cylinder rotates with the joint rotor while the outer is fixed to the housing. The 

encoders arc modelled as solid. homogeneous cylinders attached to the joint housing. 
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Base Assembly 

bearings, encoders, wiring, and air pads not shown 

Figure 2.5: Four Component Bodies of the SARA Model 

2.3.3 Assembled Model 

Th<~ complete macro-micro ma nipulator model is illustrated in Figure 2.6. with a. total of 

nine rigid bodies, two flexible links, and 13 degrees of freedom. The global coordinate frame 

for this work has its origin located at the LAURA shoulder axis of rotation, and is oriented 

with the global X -axis parallel to the LAURA elbow output in its nominal configuration. 

T his is an unusual frame orientation suitable only for work in which the LAURA joints do 

not rotate, such as modal analysis or active damping with the LAURA joints locked. It does 

however allow for easy interpretation of a ll results in terms of their effect on SARA. 

Symbols for each degree of freedom and the body-fixed coordinate frames are introduced 
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F igure 2.6: Complete LAURA-SARA Manipulator Model 
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SAR/13 

SARA2 

in Table 2.3. The symbol 0 t 2 is often used throughout this thesis to represent the LAURA 

elbow angle. It is interpreted as the difference between the inpu t and output angles of the 

The inertial and geometric properties of the rigid bodies are presented in Table 2.4. 

Here, reg is the distance from the origin of the body's coord inate frame to the body's centre 

of mass, and L is a similar quantity measured to the origin of the next body coordinate 

frame. 

The global motion equations for the LAURA-SARA manipulator can be derived by apply­

ing the Lagrangian technique. For the modal analysis presented in §2.4 and for the active 

damping theory presente<l in Chapters 3 and 4, only the linearized dynamics are required. 

The linearized equations of motion take the form: 

M (q)q + (K (q) + P )q = 0 (2.4) 



Table 2.3: LAURA-SARA Manip ulator Degrees of Freedom 
Frame Description Symbol 

1 LAURAl rotor angle 0 Llr 

2 LAURAl output angle 0llo 

3 LAURA2 X-translation Xl2 

3 
3 
4 
5 
6 
6 
6 
7 
8 
9 

LAURA2 Y-translation 
LAURA2 input angle 
LAURA2 rotor angle 
LAURA2 ontpu t angle 
SARAO X -translation 
SARAO Y-translatiou 
SARAO angle 
SARAl output angle 
SARA2 outpu t angle 
SARA3 outpu t angle 

Yl2 

0 L2i 

0t2r 

0i20 

xso 
Yso 
0so 
0st 
0s2 
0s3 
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Table 2.4: Inertial and Geometric P roper ties of LAURA-SARA Manip 11Jator Rigid Bodies 

Frame Body mass r,,g l eg L 
(kg) (m) (kg m2) (rn) 

1 LAURAl rotor a l.l 7e-3 0.000 

2 LAURAl output a l.42e-l d 0.710 

3 LAURA2 input b o.oc 8.13e-3 0 .000 

4 LAURA2 rotor 7.558 0.0 4 .30e-4 0 .000 

5 LAURA2 output b o.oc 6.52e-3 0 .820 

6 SARAO 3.946 -0.0262 3.85e-2 0.000 

7 SARAI output 2 .062 0.0704 l.03e-2 0.128 

8 SARA2 output 1.788 0.0817 7.88e-3 0.128 

9 SARA3 output 0 .731 0.0144 8.0le-4 

Notes: 
a) not required 
b) stated rotor mass is t he complete joint mass 
c) approximated to zero to simplify model 
d) I is about axis of rotation, not cg 
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where q contains the 13 degrees of freedom for the system. and M (q) and K (q) are t he 

manipulator mass and s tiffness matrices a t a nominal configuration q. For the modal anal­

ysis . the natm al frequencies are obtained by solving the eigenproblem for the above model 

where, as discussed earlier , t he matr ix P accounts for the effect of closed-loop proportional 

gains on t he HD joint compliance. 

2.4 Frequency Domain Model Validation 

2.4.1 Impact Experiments 

T he constrained natural frequencies of the assembled macro-micro manipulator were de­

termi ned by a series of impact experiments. Tests were performed at four manip ulator 

configurations <lefined by the nominal LAUR A elbow and SAR A shoulder joint angles. 0u 

and 0s1: 

I LAURA elbow straight. SARA shoulder straight (Or,2 = 0°, 

II LAURA elbow stra ight. SARA shoulder rotated (0r,2 = 0°, 

III LAUR A elbow bent . SARA shoulder straight (0u = 45°, 

IV LAURA elbow beut, SAR A shoulder rotated (0L2 = 45°, 

Bsi = 0°) 

Bs i = 180°) 

0s1 = 0°) 

0s , = 180°) 

T he above configurations are illustra ted in F igure 2. 7. In all tests, t he micro-manipulator 

joints were mechanically locked to avoid large joint movements and/or torque satmation 

from t he impact. P roport ional gains of 8000 and 4000 Nm/rad were used for LAURA l and 

LAURA2 respectively to hold the joints in their nominal configurations. Higher gai ns were 

found to lead to instability due to unmodelled non-linearit ies, such as electrical rise ti me 

and encoder discretizatiou. No derivative gain was applied sin<:e joint friction alone provides 

sufficient da mping of the response. 

Each test consisted of a sharp impact applied to t he macro-manipula tor elbow joint. 

Straiu gauge data was collected from the four strain gauges labelled in F igure 2.6 and 

stored a t 100 Hz for 10 seconds following the impact. 
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I) LAURA elbow straight. SARA shoulder straight II) LAURA elbow straight. SARA shoulder rotated 

111) LAURA elbow bent, SARA shoulder straight IV) LAURA elbow bent, SARA shoulder rotated 

F igure 2.7: LAURA-SARA Manipulator Configurations for Impact Experiments 

2.4.2 Experimental Data Analysis 

Figure 2.8 is a representative plot of strain response from gauge S3 in manipulator configu­

ration IV. Two modes of vibration are clearly visible in the t ime domain plot. The Discrete 

Fourier Transform (DFT) plot of the same data reveals three response peaks at 0.5, 2.8, 

aud 10.9 Hz. 

More accurate modal frequency estimates were obtained by fitting a sum of two decaying 

sinusoids to the experimental data. A non-linear curve fit of the form 

(2.5) 

was used with initial parameter estimates taken from the DFT analysis. T he MATLAB 

function fmins was used for t he curve fit. 

Figure 2.9 demonstrates the excellent fit of data (r2 = 0.985) obtained from equa­

tion (2.5) . This is typical of the results from the other strain gauges and manipulator 

configurations. For this particular experiment and gauge, the first and second modal fre­

quencies were 0.52 Hz and 2.82 Hz. Table 2.5 summarizes the measured frequencies for all 

strain gauges and macro-micro manipulator configurations. T he observed damping ratios, 

( . were less than 0.06 for the first mode and 0.01 for the second mode. 
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F igure 2.8: Representati ve Plot of Strain Gauge Response to Impact Experiment 

2.4.3 Predicted Frequencies 

20 

T he numerical natural frequencies are calculated from the model developed in §2.3. equa­

t ion (2.4) . The SARA degrees of freedom are dropped from the model since its joints were 

mechanically locked in the experiments. Numerical frequencies were calcnlated for rigid 

and compliant HD joint models to ascertain the effects of joint compliance. See §2.3.l 

for a n explanation of these models. The numerical results are shown versus the measured 

experimental frequencies in Table 2.6. 

2.4.4 Discussion 

The results in Table 2.6 demonstrate a very good agreement between the model and mea­

sured response in the frequency domain. Using t he com.pliant joint model, the largest 
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Figure 2.9: Sample Data rtnd Decaying S inusoid Curve Fit 

Table 2.5: Measured Natural Frequencies of tlie LAURA-SARA Manipllfator 
Mode 1 Mode 2 
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5 

Con figuration Gauge Frequency (Hz) Frequency (Hz) 

I LAURA2 straight, SARAl straight 

II LAURA2 straight. SARAl rotated 

III LAURA2 bent, SARAl straight 

IV LAURA2 bent. SARAl rotated 

Sl 
S2 
S3 
S4 
avg 
Sl 
S2 
S3 
S4 
avg 
Sl 
S2 
S3 
S4 

avg 
Sl 
S2 
S3 
S4 
avg 

0.43 3.12 
0.43 3.12 
0.43 
0.43 
0.43 
0.50 
0.50 
0.50 
0.50 
0.50 
0.45 
0.45 
0.45 
0.45 

0.53 
0.53 
0.52 
0.52 
0.52 

3.12 
3.12 
3.12 
3.50 
3.51 
J.50 
3.50 
3.50 
2.55 
2.55 
2.55 
2.55 
2.55 
2.82 

2.81 

2.82 
2.82 
2.82 
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Table 2.6: Numerically Predicted Frequencies vs Average Measured Frequencies for LAURA­

SARA Manipulator 

Mode 1 Frequency (Hz) Mode 2 Frequency (Hz) 
Meas Rigid Compliant Meas Rigid Compliant 
Freq Freq Error Freq Error Freq Freq Error Freq Error 

I 0.43 0.47 8.4% 0.46 6.3% 3.12 3.57 14.5% 3.39 8.6% 
II 0.50 0.55 9.0% 0.53 6.6% 3.50 4.01 16.1% 3.82 9.2% 
III OAS 0.49 9.3% 0.48 7.1% 2.55 2.84 11.5% 2.70 5.6% 
IV 0.52 0.G8 11.3% 0.57 8.8% 2.82 3.23 14.6% 3.QL! 7.7% 

errors in t he first and second modes are 8.8% and 9.2% respectively. Corresponding average 

errors over the four configurations arc 7.2% and 7.8%. The rigid joint model crrorn arC' 

approxi1Hatcly 30% larger in the first mode. and 80% larger in the second mode. In all 

cases. the uumerical model over-estimates the experimental frequencies. This is expected 

as there is unmodelled compliance in many bodies of the physical system. In particular. the 

cantilevered link assumption is suspect. However, as stated above, the agreement bctweeu 

predicted and measured results is very good. 

The remaining error iu the predicted frequencies can potentially be attributed to a uum­

ber of factors. The data in Table 2.6 unfortunately docs not help to isolate the cause of the 

errors. Differences between the errors with LAURA2 at 0° and LAURA2 at 45° ( configura tions 

I and II vs configurations III and IV) indicate problems with the LAURA model. Similarly. 

d iscrepancies betwcc11 the errors of configurations I and III vs those of configurations II and 

IV indicate a problem with the SARA mass model. 

2.5 Cont rol System 

The hardware and software used to control the LAURA-SARA manipulator can be divided 

into three categories: data processing, interface. and instrumentation. A diagram of the 

different components is shown in Figure 2.10. For clarity. the joint amplifiers and motors 

have not. been included. Also excluded are the special purpose interface boards which 

perform several ·mtmdane' tasks for the macro-manipulator joints. 
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DAT A PROCESSING I TERFACE I STRUMENTS 

50 MHz TMS-320C32 PMD MFIO-3B ,-( SARA Joint Encoders 
DSP (C32) motion control card 

► SARA Joint Am_Q]_itiers 

msg's data 

"' User J/O 
:::l 

C'.l 
I 20 MHz Pentium r<l 

~ 
<( I> 
C/) (DOS) 
u A ~ Q., 

msg's data 

33 MHz TMS-320C30 IM! DS2 
,-( LA URA shoulder encoder 

DSP (C30) motion control card ►, LAU RA shoulder amplifier 

IMI DS2 
,-( LAURA elbow encoder 

motion control card ► LAURA elbow amplifier 

Data Acquistion ~- Link Strain Gauges Card 

Figure 2.10: Instrume11tation and Control Components for tile LAURA-SARA Manipulator 

The data-processing hardware includes a 120 MHz Pentium hosting two DSP boards: 

a 33 MHz TMSJ20-C30 system board and a 50 MHz TMS320-C32 processor board. both 

from Spectrum Signal Processing. All control calculations are performed on the DSP·s, 

whi le the P C is responsible for the user interface, data archiving and DSP coordination. 

Three motion control cards and one A/D conversion card form the interface hardware 

and are connected to the two DSP·s through a dedicated bus called DSP-Link. .Joiut. 

positions arc measured with encoders on each joint and input to the DSP's through the 

motion control cards. The commanded torques arc output to the joint amplifiers t hro ugh 

these same cards. The flexible link deflections are measured from strain gauge bridges 

mounted on the links and acquired through the data acquisition card. 

2.5.1 Software 

Both the PC and DSP software is written in C. compiled , and stored on the PC. A dedicated 

Texas Instruments compiler is used to compile the DSP code, which is copied at runtime to 
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the DSP's. Tlw user interface software runs under DOS. High level C libraries for control. 

data transfer, and DSP coordination tasks were written for the PC and DSP's. with special 

care to maintain easy portability between processors. Care was also taken to keep t he 

number of functions which directly access the hardware to a minimum. T hese precautions 

will simplify the task of porting the code to new operating systems in the fu t ure. 

PC-DSP coordination and timing is achieved through a message-based system. The 

message ·language' includes messages to coordinate initialization, provide status informa­

t ion, request data transfers. and post error messages. Although message based systems 

arc genera lly less efficient than interrupts, benchmark tests have shown that t he message 

overhead on the DSP's is less than 0.015ms per control cycle using the above 111cntio1wd 

libraries. Furthermore, since programs for the W indows family of operating systems (95. 

l T . CE) arc also wcssagc based . the present control software will simplify porting from 

DOS to Windows in t he fu ture. 

A double-buffered system is used for data transfers from the DSP to t he PC. When 

a buffer is filled with experimental data. the DSP sends a message to t he PC requesting 

that it copy the buffer. Meanwhile. the DSP writes data to the second buffer. Block data 

transfers . and the associated overhead. are thus less frequent than if data was passed with 

each sample period. 

Benchmark tests have shown t ha.t full-matrix PD control law can be evaluated on each 

DSP in under 0.25ms, including data 1/ 0 and block transfers to the PC. PD control of t he 

LAUnA-sAnA manipulator was therefore executed at a frequency of 4000 Hz. 

2.5.2 Instrumentation and Data Acquisition 

Each joint is equipped with an incremental encoder to measure its posit ion. For the HD 

joints of LAURA. the encoder resol ution is 214400 pulses per revolu t ion of thC' grarbox 

output . but t ll(' measurement is actually made at t he motor. T he effective resolutioll is 

t.hcrefore reduced by gearbox flexibility and, to a lesser extent, backlash. T he SARA shoulder 
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enrocler has a resolut ion of 8000 pulscs/revol11 t ion. whilr t he elbow and wrist jo int posit ions 

arr known to an arrnracy of 10 000 pulscs/ rrvolut ion. Since lhrse jo ints a rc dircct-d rivr. 

t he quoted va lues represent, Lhc true encoder resolutio11. 

T here is no dirC'c-l method of measuring t he joint rate's. Inst rad. th<' rate is cakulated hy 

using the fini te diffNencc scheme: 0 = (011 - On- d/(t11 - t11_i) . As co111monly known . t his 

simple' method result s in very noisy ra te approximations . F IR and IIR fil ter functions hav<• 

lH'C'n writtC'n to smooth thr cakulatrd velocity. The a bove mr ntioned 4000 Hz sarn plc rnl<' 

uw be mai11ta.ined with a 50th order FIR fi lter, with significant ly improved ratr cstimatc•s. 

T he r lastic defkc-tions of the macro-ma nipula tor links a rc measured wi t h two strain 

gauge bridges on each link. In t he frequency doma in validation experiments discussed 

prc'v iously. t he bridgrs a re sampled at 4000 Hz and t he data is averaged online hy the DSP. 

typically down to 100 Hz. Oversampling of Lhe stra in gauges rrduccs t he high frequ0nry 

electrical noise in the strain gauge signa ls. 
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Chapter 3 

Active Damping Techniques 

The concept of active damping was introduced iu Chapter 1 as a method of alleviating 

some of the difficulties of controlling flexible macro-manipulators. It is possible to usr the 

joints of t he macro-man ipulator itself to perform this damping. but doing so would require 

high bandwidth operation, which is not ofte11 available. The micro-manipulator is. however, 

ideal for the task as it is designed to be small, rigid. and fast. The theory and practical 

implementation of two micro-manipulator active damping techniques arc discussed in this 

chapter. 

3.1 General Manipulator Model for Active Damping 

F igure 3.1 illustrates a general model of a macro-micro manipulator used to develop the 

active damping schemes. The model is based on two simplifying assumptions: 

1. the macro-man ipulator is rigidly mounted to a fixed . or very massive, strnctme; 

2. macro-manipulator rigid degrees of freedom are locked during active damping. 

The first assumption is valid for t he manipulators currently under consideration. namely 

the LDUA, SSRMS/SPDM, and the University of Victoria's LAURA-SARA manipulator. 

The second assumption is a reasonable limitation consistent with the deploy-lock-damp 

procedure anticipated for current macro-micro manipulators. and is also consist<"nt with 
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Figure 3.1: General Manipulator Model for Development of A ctive Damping Algoritl1111s 

previous research in this field (see §1.3) . With its joints locked, t he macro-mauipulator is 

more aptly called a flexible str-uct1tre. 

To develop a model of a general macro-micro manipulator. the coordinates are first 

partitioned into elastic and r igid terms. Since the macro-ma nipulator joints arc locked. the 

only rigid terms are those associated with the micro-manipulator. The elastic coordinates 

describe the elastic deformations of the flexible structure (macro-manipulator with joints 

locked) including those at intermediate nodes. A vector of generalized coordinates, q = 

[q~' , q?,']1' , defines the elastic deformations ( qe) and rigid joint displacements ( q,. ), and 

T = [Tr, T';jT is the corresponding vector of generalized forces. To external forces are 

applied to the system. so T e is always equal to 0. 

T he full non-linear equations of mot ion for a general macro-micro manipulator cau be 

derived using the Lagrangian approach. Throughout this work q and q are assumed small. 

so the equations are liucarizcd by dropping the centrifugal and Coriolis terms. T he resulting 

linear equations of motion arc 

M (ij )q + K q = T. (3.1) 

where M (q) is the manipulator mass matr ix at a nominal configuration ij. and K is t he 

stiffness matrix of the flexible structure. which a.re partit ioned as: 

[ 

M ee M er l M (q) = 
M ~. M n 

and (3.2) 
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T here arc two differences between equation (3.1) above and equation (2.4) in §2.3.3. 

First, the Pq term from the left hand side of equation (2.4) is incorporated into T on the 

right hand side of equation (3.1). Second, since the macro-manipulator joints are locked 

and the micro-manipulator structure is rigid , K in equation (3.1) is not a function of the 

coordinate vector ij. 

After macro-manipulator deployment is complete, the only control inputs to the system 

are the micro-manipulator joint torques, T 1 •• The goa l of active damping, then, is to control 

the micro-manipulator motion through T 1, in an effort to reduce the elastic vibrations as 

defined by qe and <le· 

3.2 Cartesian Space vs Joint Space D erivative Control 

T he concept of active damping can perhaps best be explained as an extension of the passive 

fr ictional clamping inherent to all physical systems. Frictional forces always oppose the 

motion of the point of application. Si11ce the applied power P is defined as the inner 

product of force f and veloci ty v , the frictional forces by definition dissipate energy. T hat 

is , P = f • v < 0. At any time T, the total work done by the frictional forces on a vibrating 

system is 

lT loT W = P (t) dt = f (t) · v (t ) dt < OVT. 
. o 0 

(3.3) 

thus demonstrating that friction removes energy from the elastic system, or damps the 

vibration. 

With active damping, the rate of energy dissipation may be increased , but the principle is 

the same. Negative work is done on the system by applying forces via the micro-manipulator 

joint torques. T r , to resist the motion of the point of application. T he instantaneous power 

input to the manipulator is 

p = f · V = T · Q = T r · Qr, (3.4) 
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since T ,, = 0 . The micro-manipulator joint torques. T ,- . are actively controlled and can bC' 

functions of any of t he gencrali7,ed coordinates and their derivatives. or any other useful 

parameter. 

Cartesian space derivative (CSD) control and joint space derivative (JSD) control arc 

defined by th<' varia bles used to calculate T r . In the former. the only arg11nl<'11ts are tlw 

state of the flexible structure. qe· and in the latter only the state of the micro-manipulator 

joints. q ,. . is used: 

Cartesian space derivative control: T ,. = T r(Qe, CJ.e , C/e · .. . ) 
(3.5) 

.Joint space derivative control: T r= T r(Qr • q,., C/r · .. . ) 

The term "joint space· is self explanatory, but ·cartesian space' requires some explana­

tion. The elastic state of the macro-manipulator affects the micro-manipulator by moving 

its base in Cartesian space. With the right joint torques, the micro-manipulator can apply 

a wrench to its base which resists this motion. Alternatively, with joint space derivative 

control. the torqu<' at each joint is applied to resist the motion of that joint directly. In 

both cases. the term derivative is used s ince the rate of energy dissipat ion .is a function of 

t he first derivative of the generalized coord inates. 

JSD control typically requires only position and rate sensors on t he micro-manipulator 

joints. If rate sensors are not available, they can be approximated with an observer imple-

111c11t.ecl in the control software [4. 5]. T his is a distinct advantage over CSD control. which 

requires additiona l sensing for the elastic state of the flexible structure. The disadvantage 

of J SD control is that damping is possible only when the vibrations are s ufficiently large Lo 

overcome joint friction and excite motions in t he micro-manipulator [2]. 

Both active damping techniques invrstigated in this work, Pseudo-Passive Energy Dis­

sipation a nd Impedance Matching, arc examples of JSD control. Furthermore. PD control 

is used for both methods. so that t he only difference in implementation is the off-line 

calculation of the gain matrices used in the control law. Examples of CSD and hybrid 
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control rncthods are found in t he works of Sharf [15, 16] . the Pacific Iorthwest Laboratory 

group led by Trudnowski [10. 11. 24] . and the Georgia Institute of Technology group led by 

Book [l. 2. 3. 9]. 

3.3 Pseudo-Passive Energy Dissipation 

Pseudo-Passive Energy Dissipation. or P-PED, was introd uced a,5 an active damping method 

by Torres in his Ph.D. thesis [21] . The method was not originally intended for macro­

micro manipu lators. but rather for ' long reach space manipulators' with negligible mass 

and no i11ternal degrees of freedom. In the original work and an additional paper [23], the 

performance of t he a lgorithm is demonstrated experimentally on a simple co11sisting of a 

single fkxibk link with a two-DOF rigid planar micro-manipulator. Numerical simulation 

results on a more complex system are a lso presented in the latter. 

3.3.1 M odel 

T he model used to develop P-PED is a simplified case of the general model of §3.1 with 

negligible ma.era-man ipulator mass. This is a troublesome simplification for macro-micro 

manipulators. As implied by the name, the flexible macro-manipulator is considerab ly 

larger and more massive than the micro-manipulator. Extensions to the original theory 

were therefore required for experimental studies and are d iscussed in §3.3.4. 

Neglecting the mass of the flexible structure and any internal degrees of freedom. the 

linear equations of motion used to develop P-PED arc: 

M (q)q + Kq = T , (3.6) 

where the vector q = [qf. qff here includes only t he elastic deflections of Lhe micro­

manipulator base and the micro-manipulator joint displacements. In t he general moclc-•l. q 

also included elastic deflectio11s at iuternal nodes of the flexible structure. The mass and 
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stiffness matrices arc partitioned as: 

M (q) = 
[ 

M b M b,. 1 
M bJ. M rr 

and (3.7) 

Here, the submatrices M b and K b are the mass and stiffness matrices associated with the 

micro-manipulator base degrees of freedom, q b. These arc special cases of the more general 

M ee and K ee matrices from §3 .1. 

3.3.2 Model R eduction to Component Syst ems 

The first step in calculating the P -PED joint gains is to reduce the system to a combination 

of very simple mass-spring-damper systems. This process is illustrated in Figure 3.2 for a 

planar manipulator. Optimal gains are then calculated for the mass-spring-damper systems 

and c011verted back to joint gains for the complete micro-manipulator. This procedure is 

described in more detail below. 

Using the virtual manipulator concept introduced by Vafa [25], the micro-manipulator is 

reduced to a massless kinematic chain with a discrete mass at its tip. However, the virtuaJ 

manipulator concept was originally developed for free-floating manipulators. so care must 

be taken when applying this technique to a fixed-base system. In particular, the stiffness of 

the fiexible structure (macro-manipulator) must be low and the mass of the manipulator, 

mr, must be large relative to the mass of its base, mb· 

The above mentioned discrete tip mass is equal to the total mass of the real manipulator 

and is located at the real manipulator's centre of rnass. All virtual manipulator links have 

constant length and are parallel to the corresponding links of the real manipulator. For the 

planar 3-DOF example in Figure 3.2. the lengths of the virtual manipulator links are: 

L v i 
m1r1 + (m2 + m3)L1 (3 .8) 

1n 1 + m2 + m3 

L v2 
m2r2 + m3L2 (3.9) = 

m1 + m2 + m3 
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Figure 3.2: ManipuJator Reduction to Mass-Spring-Damper Component Systems for P-PED 
Gains Calculation 

(3.10) 

where m i is the mass of the i th body of the micro-manipulator, r i is the length of a vector 

from the i th body coordinate frame origin to its centre of mass, and Li is the length of a 

vector between body coordinate frames i and i + l. It is assumed that t he th body ccntrn 

of mass lies on a plane defined by the axes of rotation of bodies i and i + 1. 
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The virtual manipulator Jacobian is identical in form to that of the real manipulator. 

with virtual link lengths substituted for the real link lengths. The virtual manipulator 

Jacobian for the pla nar example of Figure 3.2b is 

J ('Iii = 
(

- £ 111 s in (0i) - Lv2 sin(012) ) ( - Lv2 siu(012) 

- L 113 sin(0123) - L 113 sin (0123) 

( 

L111 cos(0t) + Lv2 cos(012) ) ( Lv2 cos(012) 

+ L113 cos(0123) + L u3 cos(0123) 

(3.11) 

with 0ij is the s11m of the angles of micro-manipulator joints i and j . That is. 0;.i = 0; + 0.i . 

For any manipulator. the tip Jacobian matrix or its transpose relates the tip wrench to 

the joint forces and torques, and the joint rates to the t ip velocity. In t he limiting case of 

small joint motions about a nominal configuration, the J acobian a lso rela tes the infinites­

imal joint rotations to the infinitesimal t ip displacement. The virtual mauipulator is no 

exception, but t he ·t ip' of the virt ual manipulator is the centre of mass of t he real mani­

pulator. T he virtual manipulator Jacobian is therefore denoted by J cm · Equations (3.12) 

through (3.14) define the per tinent relationships for the virtual manipulator. with X defined 

as t he displacement of the centre of mass from a nominal position. 

T r J fm F cm (3. I 2) 

X cm = J crn <Jr (3.13) 

8X c,,, = J rmbq ,. {3.14) 

Consistent with Torres' presentation and the limitations of t he virtual manip ulator. 

the t01·ques acting on the ccutrc of mass a.re not considered. Equation (3.12) relates only 

the linear forces at the micro-manipulator centre of mass to the micro-rnauipulator joint 

torques. 

If t he translational degrees of freedom of the flexible structure arc decoupled, and ro-
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tation is neglected, the virtual manipulator is easily replaced by a combination of two-DOF 

mass-spring-damper systems. as shown in Figure 3.2c. When the translational terms arc not 

decoupled. the general method of decoupling them presented in §3.3.4 must be employed. 

3.3.3 P-PED Joint Gains 

For each mass-spring-damper system of Figure 3.2. optimal spring and damper gains must 

be calculated. The symbols krx and kry denote the spring gains for the two systems, and C,·x 

and Cry are the corresponding damper gains. The mass-spring-damper systems are identical 

to damped dynamic vibration absorbers. which are often used to remove resonance peaks 

from rotating machinery [14]. However, the excitation of the two systems is very different. 

Rotating machinery is subject to co11tin11011s forcing at a fixed frequency. whereas the 111icro­

manip11lator base vibrates freely after an initial disturbance. The well established theory of 

damped dynamic vibration absorbers is therefore not applicable. 

Torres developed an iterative root-locus procedure for computing the optimal spring 

aud damper gains. which was found to converge very rapidly. Each mass-spring-c!arnpcr 

system is considered separately when calculating the gains. As part of this research, a direct 

analytical solution was derived, and is presented in Appendix B. The analytical solution 

has revealed that each mass-spring-damper can be critically damped when m,. = 4mlJ. If 

rnr < 4mb the system is under-damped, and when mr > 4mb the system is over-damped. 

Finally. the joint gain matrices are calculated from the k,., c.,. pairs for each translational 

direction. In the general spatial case, the forces acting on the micro-manipulator centre of 

mass are: 

f.c.cm k,-:i; Xe,cm + G1·3•Xe,cm 

fy ,cm = kryYe,cm + CryYe.cm (3 .15) 

f z ,cm = krz Ze,cm + CrzZe,cm 

In the above. Xe .cm = Xeq.cm - Xcm is the deviation of the mass mr from its equilibrium 

position in the x-direction, and Xe,cm = - Xcm· Equivalent equations apply for the y- and 
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z- directions. Rewrit ing in matrix form gives: 

(3.16) 

where 

k rx 0 0 

0 k,.y 0 

0 0 k,.z 
(3.17) 

C,-x 0 0 

0 C,.y 0 

0 0 C,.z 

Combining equa tions (3.12) and (3.16) yields 

(3.18) 

Finally, the micro-manipulator joint torques are found as functions of the micro-manipulator 

joint state by combining equations (3.18) . (3.13) . and (3.14): 

where, 

p P - PED 
T J cmK r J cm 

(3.19) 

(3.20) 

In general. P P - PEo and D P - PRo are full matrices and hence, the method can not be 

p roperly implemented on manipula tors with only local PD control. Torres states that for 

such manipulators. the diagonal elements of P P-PEo and D P-PED can be used with good 

results. 
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3.3.4 Implementation 

U11fort,u11ately. a number of problems arise when attempting to implement P-PED exper­

imentally. This section is devoted to the discussion and resolution of foreseen problems. 

Most of these problems arose during the experimental work presented in Chapter 6. 

Significant Macro-Manipulator Mass 

When the P-PED method was derived. it was assumed that the mass of the flexible sup­

porting structure. or t he macro-manip ulator in this work., was small relative to the mass of 

the micro-manipulator and its base. This is rarely the case in practice, and is certainly not 

true for the macro-micro manipulator examples discussed in Chapter 1. or the LAURA-SARA 

manipulator presented in Chapter 2. 

To overcome this limitation, Guyan reduction [6] has been used to lump the mass of the 

macro-manipulator with that of the micro-manipulator base. The method is described in 

Appendix C with detailed results for reductions of the complete LAURA-SARA manipulator. 

However. only t he micro-manipulator base is included in the P-PED Guyan reduction to 

calculate mb:r and mby and ultimately the spring and damper gains. The micro-manipulator 

itself is considered separately. Table 3.1 summarizes the numerical modes of the LAUflA 

manipulator with the SAflA base at its distal end, expressed in the SAR A base frame. It is 

clear from these results that little error is introduced by applying Guyan reduction. 

Table 3.1: Modal Analysis of Complete and Reduced Models of LAURA Manipulator and 
SARA Base: Freque11cies and Mode Shapes 

I.AURA2 at -15 degrees LA URA2 at 60 degrees 
:\lode :\[ode) Freq (Hz) xso YSo 0so Freq (Hz) xso Y SO 0so 

1 Complete 0.7073 -0.0516 0.7142 0.6981 0.7744 0.1794 0.6519 0.7368 
Reduced 0.7073 -0.0516 0.7142 0.6981 0.7744 0.1794 0.6519 0.7368 

2 Complete 3.8734 -0.0673 0.1782 0.9817 31197 -0.2353 0.2651 0.9351 
Reduced 3.8912 -0.0671 0.177.J. 0.9818 3.1239 -0.2350 0.2648 0.9352 



39 

Coupled Translational Degrees of Freedom 

Iu §3.3.2. the flexible support ing structure was simplified by dropping t he rotational degrees 

of freedom and represc11ting the translational dynamics as a combinatio11 of orthogonal mass­

spring-damper systems. For a simple flexible structure. such as a cantilevered flexible link. 

this process is straight forward because the translational motions arc decoupled. In t he 

gcner;-'tl case, however, the translational motions are coupled and addit ional calculations arc 

required. as described below. 

The unforced system dynamics for a general flexible structure with a rigid body ( the 

micro-manipulator base) at its tip arc partitioned as: 

(3.21) 

where q br and q bn defi ne the trans lational and rotat ion;-'tl elastic deflections respectively 

and the mass and stiffness terms are defined correspondingly. The rotational degrees of 

freedom are neglected when the system is reduced to a virtual manipulator. The remaining 

translational system is described by: 

(3.22) 

The modal matrix. Z , is now used to decouple t he translational terms [20], leading to t.hc 

following diagonal mass and stiffness matrices: 

(3.23) 

The diagonal elements of l\lh and k b represent the mass and stiffness along the principle 

directions of the system. Since only translational terms are used. the principle d irections 

are ent irely translational. T hese diagonal elements arc substituted for the mb and l,;b terms 
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to calculate the optimurn spring and damper gains for the mass-spring-damper systems of 

Figure 3.2c. 

The spring and damper gains are assembled into diagonal matrices, k ,. and C r, which 

arc theu transformed back to the body coordinate frame: 

K r=z - Tk rz - l 

C r= z -Tc rz -l 
(3.24) 

T he matrices K r and C r, although not generally diagonal, can be directly substituted into 

equation (3 .20) to calculate P P-PED and D ,,_peo · 

Instability with Full P-PED Gain Matrices 

Experience has shown that instability is a problem when using the full P P - PEo and D P - PED 

gain matrices for experiments. Joint friction and possibly other non-linearities arc the 

suspected cause of the experimental instability. Torque feedback at each joint would likely 

lessen the problem. However, since torque feedback is not available in SARA. instabili ty 

was avoided by using only the d iagonal elements of the complete gain matrices. This was 

suggested by Torres et al for manipulators with only local PD control, and has been used 

in their published works [22, 23] . 

Poorly Conditioned Base Stiffness Matrix 

T he translational stiffness elements of flexible structures can differ by orders of magnitude. 

Consider for example the flexible links of LAURA, which are described in Chapter 2. With 

units of N. m, and radians, the stiffness matrix for one of these links is 

kxx 0 

K link= 0 kyy 

0 kyo 

0 

kyo 

koo 

4.448e7 

0 

0 0 

7 .175e3 - 1. 794e3 

0 - 1. 794e3 5. 979e2 

(3.25) 
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:'\ot<' that ku. the axia l link stiffnC'ss. is a lmost 4 orders of magnitude grcatC'r than thC' 

transvC'rsc stiffn<'sS, kyy· As a result. kr3· and Cr.r will be much larger t.han kry and Cry · and 

the P P - Prn and D P-PED matrices will be dominated by t hese larger terms. ThC'oretically 

this is not a problem when t he ful l P l' - PED and D P - PED matrices a rc used. In practic<', 

howevC'r. exceedingly large gains lead to torque saturation and instability. If diagonal gain 

matric<'s a rc usc'd, the mino-manipulator, although stable, will be nearly rigid in most 

configurations. and therefore ineffectiv<' at damping the dominant low frequency vibrations. 

The simple solution is to drop any exceed ingly stiff degrees of freedom. For t h<' case of a 

sing!<' fl<'xiblc link. it is easy to justify n<'gk cting the axia l DOF. Howcv<'r. since• t hC' degrc<' of 

freedolll corresponding to kb.t is droppc'd , krx is not, calculat<'d aud thcrC'fore effectively set to 

7.ero. The result is t hat in C-C'rlain micro-manipulator configurations P ,,_ PED and D ,,_1, 1 I) 

are uniformly zero. and the micro-manipulator motion is uncontrolled . Another solution is 

to set the stiffness of t he stiffer direction. kbx · equa l to t hat of t he more compliant direction. 

kby, for the purpose of calculating the P -PED gain matrices. These two options are referred 

to as P-PED..-1 a11d P-PEDn in Chapter 5. and the damping performance betw<'C'n the two 

methods is shown to differ significant ly. 

Experiments were performed with the LAURA elbow bent to -15° and + 60°. In thes0 

configurations. the difference between the translationa l stiffnesses is not as large, and hence. 

it is diffic-ult to iclC'utify whC'n to negl0c-l or modi(y a DOF. Therefore. for the C'xperimcnlal 

work . both translational dC'gr<'es of fr0edom (.c- and y-) a r0 used to calculate P ,. N:o and 

D P-Prn· 

3.4 Imped ance Matching 

The I1npC'dancc M,ttching (IM) method of .JSD control was developed as a simpl<' alternative 

to P-PED. The latter suffers from a number of modelling assumptions and implC'lll<'ntation 

concerns which complicate its application to macro-micro manipulators. One of the primary 

goals in developing IM was to avoid t hese pitfalls. 
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Figure 3.3: Simple Planar Macro-Micro Manipulator for Derivation of Impedance Ma.telling 

3.4.1 Derivation 

A simple planar macro-micro manipulator is illustrated in Figure 3.3. For the purpose of 

developing t he method , macro-manipulator vibration confined to t he dominant mode at 

frequency we is w nsidered. Here t he domina nt mode is defined from the pole locations with 

the rigid micro-manipulator ooF·s locked. T he pole which lies closest to the real axis is 

dorn i11a11t [5] . Alternatively. t he dominant frequency can be measured on t he assembled 

ma nipulator. 

T he micro-manipulator is controlled with a PD control law to ensure that energy will be 

dissipated from the macro-manipulator, as explained in §3.2. I t is assumed that the macro­

manipulator cont inues to vibrate at the original frequency, w,,, while the micro-manipulator 

dissipates t he elastic energy. If t he rate of dissipation is small compared to t he ini tial elai,tic 

energy, the amplit ude of vibration can also be assumed constant . T hese assumptiom; arc 

valid for a micro-manipulator which is much smaller than the macro-ma nipulator , as would 

generally be expected. 

Like t he model used to derive P-PED, this system is similar to a damped dynamic 

vibration absorber. T he difference with Impedance Matching is t hat the micro-manipulator 

is subject to a moving base rather than an oscillating force. 

The motion of a single DOF system like t he micro-manipulator subjected to a s inusoidal 
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base motion at frequency Wr is well known [14. 20]. If the natura l frequency of the micro­

manipulator iu isolation is Wr an<l its damping ratio is ( . the steady-state motion of the 

micro-manipulator, 01., is described by : 

(3.26) 

and. 

(3 .27) 

where Y is a constant r elated to the rnagnitnde and direction of base motion, andµ= we/wr 

is the freq uency ratio. 

By tuning the joint proportiona l and derivative gains. p and d, the rate of energy dissi­

pation. P, can be maximized. At any instant, 

= (pBr + d0r )0, (3.28) 

0 2[p sin(wet - ¢) cos(wet - ¢) + d cos2(wet - ¢)] 

When integrated over time, the proportional gain term psin(wet - ¢) cos(wet - ¢) goes 

to zero. The goal then is to rnaximi:r,e the energy dissipated due to the derivative gain. 

Pd = 0 2 [dcos2 (w,,t - ¢)]. which is expanded as 

(3.29) 

where t he inertia of the single micro-manipulator link is J . d = 2( ffp, and w1• = ✓PTJ . 

Since cos2 (wet - ¢) is always positive and (2Jwi Y 2 ) is a constaut, the optimal values of 

p and d are determined by maximizing the objective function 

(3.30) 



2 

~ 1.5 
t/) 
t/) 

~ 
C: 
0 

·;;; 

a3 1 
E 
:§, 
Q 
~0.5 

0 
2 

44 

0 0 

Figure 3.4: Objective Function g(µ ,() for Calcufating Optimum Impedance Matching Joint 
Gains 

In the special ease of Jt2 = 1 and ( 4 o- , g(p . () a pproaches iufi11i ty. T his special case 

describes a nearly undamped oscillator forced at resonance. From (3 .26) a nd (3.27). it is 

clea r t hat the motion o f the micro-manipulator in this case also approaches infinity an 

undesirable cond it ion for any physical system. Peak damping performance must therefore 

be traded off against manipulator motion constra ints. 

Figure 3.4 d isplays a p lot of g(µ . () over the domain of reasonable values forµ and ( . 

Note that for any value of(, g(µ, () is maximi~ed with Jl ~ l. For simplicity. then . fl is set to 

1 and ( is made as small as possible within the lim itations of reasonable micro-manipulator 

joint displacements. The joint gains p and dare then calculated as follows: 

and (3.31) 
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To this point the optimum gains for a joint forced at a s ingle frequency. We- have been 

developed. The free vibration of a real macro-manipulator is a superposition of vibrations 

at each modal frequency. In practice, however, the vibration is dominated by the first mode 

for the followillg reasons: 

• deployment maneuvers generally follow slow trajectories and therefore excite only t he 
low modes of vibration; 

• micro-manipulator joint motions, although h igh-bandwidth. only directly affect the tip 
of the macro-manipulator and therefore primarily excite the first cantilevered-mode: 

• structural damping inherent to a ll physical systems tends to clamp high frequency 
moclcs in less time than low frequency modes: 

• high frequency modes typically involve motions in t he stiff macro-ma11ip11lator direc­
tions. with the result t hat the corresponding deflections arc small. 

For these reasons. We should generally be set equal to the first macro-manipulator modal 

frequency. 

The a,bove procedure can be extended to a general n -DOF micro-manipulator by simply 

substit11ting the micro-manipulator stiffness, damping, and mass matrices for p. cl. and J 

in equation (3 .31). 

(3.32) 
D 1_11 = 2( M ,-rWe 

The closed-loop frequencies of the micro-manipulator when using t he gain matrices P ,AI 

and D ,_,, are all t uned to we. Unfortunately, as with the ful l P-PED gai n matrices, the 

full P , .,, and D I ,\I matrices often lead to instability. Once again. it is expected that joint 

torque feedback would alleviate the instability problems. A practical solution for SARA is 

presented in t he following section. 

3 .4.2 Implem entation 

Unlike P-PED. a detailed macro-manipulator model is not required to implement the Im­

pedance Matching algorit hm. In fact, the only required information is the first modal 

frequency, which can be measured if a model is not available. 
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The single significant problem which arose when implementing IM on the LAURA-SARA 

manipulator was instability when using the full gain matrices. Alternative gain matrices 

wiLh a diagonal structure were therefore required. and these are developed below. Note 

that it is not appropriate to simply extract the diagonal elements of t he full gain matrices. 

as the natural frequencies of the micro-manipulator wonkl not be conserved. 

The following procedure can be applied only to planar micro-manipulators with two 

revolute degrees of freedom. The SARA wrist joint was locked with a stiff proportional gain 

for the IM experiments so that SARA would fi t this criteria . Locking the wrist joint has very 

little effect on the results since its output inertia is very small. 

Without full gain matrices, it is impossible to tune all SARA modes to a siugle frequency. 

Instead. SARA was tuned to two separate frequencies, we1 and we2, equal to the first two 

modal frequencies of the LAURA-SARA manipulator as calculated with SARA locked. In 

Chapter 2. it was found that the model consistently over-estimated t he modal frequencies. 

The model frequencies were therefore reduced by 7% to generate Wei and w1,2 . 

The objective of this alternative derivation is to choose t he diagonal elements of the 

joiut proportional gain matrix. 

P l ,\/= 
[ 

POL (3.33) 

so t hat the two modal frequencies of the micro-manipulator are equal to We i and we'2· The 

micro-manipulator mass matrix, Nlrr, is pa.rtitioned as 

M,.,.= (3.34) 

and t he inverse of M n· is 

(3 .35) 
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The closed-loop characteristic equation of the micro-manipu lator is: 

(3.36) 

The eigenvalues are equal to the squares of the miC'ro-manipulator naturrtl frcqucucies: 

>-1 = w;1 and >-2 = w;2. The algebraic solutions for P1 and P2 are: 

(3.37) 

A second pair of gains is attainable by reversing the signs on the square root terms. The 

choice of which gains to use is manipulator dependant. A useful rule of t humb is that it is 

preferable to focus the first mode (at Wei) in the larger micro-manipulator joint. which is 

better able to dissipate large amounts of elastic energy. 

Fiually. the diagonal derivative gain matrix. D ,_,f' is calculated from M rr · P,.,, · and 

the desired damping ratio, ( : 

where 

d1=2(Jm11P1 

d2=2(Jmnp2 

(3.38) 

(3 .39) 

T his basic proccdme can be extended to find diagonal gain matrices for a general n-DOF 

spatial manipulator. It may also often be possible to lock all but two parallel joints so t hat 

t he abov<' equatio11s can be used directly. 
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Chapter 4 

Damping Performance Prediction 

and Evaluation Tools 

In Chapter 3. two active damping strategics were introd uced and developed . T hese strate­

gics. and others, aim to provide optima l damping for a specified nominal micro-manipula tor 

configuration. T here is, however. very little published research on methods of determining 

the best nomina l configuratious. One except ion is the coupling map, or iginally developed 

by Torres for path-plann ing [21]. but also suggested as a tool to dctenniue t he best micro­

manipulator configurations for active clamping. 

T wo new performa nce prediction tools, t he accelerative damping map and the modal 

inertia map. were developed as par t of the present work. Each of these tools produces a 

scalar measure of pred icted damping performance at a given uominal micro-ma nipulator 

configuration. A map of performance predictions over the ra11ge of micro-manipulator cou­

figuratious is generated by plotting these individual scalar predict ions. T he three methods 

arc introd uced in t he above order in §4.1 through §4.3. 

T he general macro-micro manipulator equa tions of motion were presented in Chapter 

3. T hey are repeated here for convenience: 



Grneral Macro-Micro Manipulato1· Equations of Motion: 

( -1.1) 

A simplified model with a rnassle s macro-manipulator was rcquired for the dcvclopmeut 

of t.hc P-PED method. The resulti11g simplified equations of motion will be required to 

dcvclop the Coupling Map below and so are also repeated: 

Simplifird Macro-Micro Manipulator Equations of Motion: 

(4.2) 

A stauclmd measure of damping performance is introduced in §4.4. This rnc•asure is 

uscd throughout thc simulation and experimental work of Chapters 5 and 6 to quantify tlw 

observed da111ping pcrforma11ce. 

4.1 Coupling Map 

The Coupling Map (CM) was proposed by Torres as a path-planning too l. and is an exte11-

sio11 of the Disturbance Map and the Enhanced Disturbance :t\Iap [21]. which were• applic-abl0 

only to frcc-rloating space manipulators. The Coupling Map can. however. also be used on 

elastic-ally constrained manipulators, such as a micro-manipulator mounted on a flexihl(' 

structure. Application of the Coupling Map as a tool for determining optimum mkro­

manipulator configmations for active damping is only briefly mentioned by Torres [21]. 

Some of the steps in the derivation which follows arc questionable when considered 111 

tit(' context. of usi11g CM as a damping performance pr<>clict.ion Looi. T lws0 steps ar<' denot0d 

by a, question mark ('!) and arc discusscd further in §4.1.2. 

4.1.1 D erivation 

Thc original presentation of the Coupling i\Iap is rewritten below using thc notation intro­

d11rrcl in §J. I and §J.3.1. Many of t h<' origina l explauaLions have not been iuc-luded: t)I(' 
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reader is directed to references [21] and [22] for further details. 

T it<' as8umptions required for P-PED are a l8o required for the Coupling Ma,p. namely 

that the micro-manipulator i8 8upport<'CI on a masskss flexib le- structure-(?) with no internal 

degrees of freedom. The a pplicable equations of motion arc therefore t hose of (4.2). A 

generalizc-d momentum vector. p . is also required. and is de-fined as: 

P = M (q)q {4.3) 

The- Coupling Map is ba-;c-d on five additional assumptions, beyond the masslc-ss Aexiblc-

structurc- requircnwnt. as follows: 

1. the manipulator begins its motion from rest: 

2. gravitational forces arc- negligible-: (?) 

3. inlc-rnal forc·c-s between the flexible structure aud the micro-manipulator arc• small; (?) 

4. structural resonances in I.he flexible structure are not excited: 

5. t he encl-effector docs not interact with the environment. 

According to the first assumption, tltc generalized momentum. p , is initially zero. and 

the other assumptions ensure that it remains v<'l'y small. This conservation of 111omenturn 

assumption forms the basis of the Coupling Map. and is C'xpressed a,-;: 

M (q )q = l M b M br ] [ <lb l = [ Pb l :::::: [ 0 l 
M f,. M rr q,. Pi, 0 

{-l.4) 

Once conservation of mornc11t11m has lw<'n assumc-d. equation (4.4) can be used to ei;tablislt 

a relatiouship bctweC'11 r igid micro-man ipulator motions and the elastic defl<'dious of tlw 

flexible' structure. 

Eitltc-r row of equation {4.4) could be used to solve for <lb as a function of <Ir· The 

Coupliug !\lap is dC'veloped from the first row. which enforces conservation of momentum 

for the base elastic degrees of freedom. T he pertinent rclalionship between small m icro-
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manipulator joint displacements and t he resulting base displacements is: 

(4.5) 

where G = - M;' M br and the derivative operation has been replaced by a variation. 

The matrix G is called the system·s disturbance matrix and it relates infinitesimal joint 

motions to infinitesimal base motions for a free-floating manipulator. It is applicable to 

elastically constrai110d systems ouly under assumptions 3. 4. and 5 from the above list. For 

a free-floating manip ulator held stationary by reaction jets, 8qb, called the i11stantaneous 

base dynamic disturbance, is proportional to the required forces/torques exerted by the jets. 

That is. 

(?) (4.6) 

It is noted that the elast ic character istics of the flexible structure have not yet bceu 

i11cl11ded in the derivation. To iuclude these characteristics, the ela.stic strain energy. V . is 

used as a measure of t he induced elastic deflection due t,o micro-manipulator motions. If 

the force T b is applied to the flexible structure, the resulting strain energy is : 

(4.7) 

Substituting from equation ( 4.6) gives 

V (4.8) 

F ina lly, from cquatiou (4.5). V is rewritten in terms of infinitesimal micro-manipulator joint 

(4.9) 
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where the positive definite matrix 

(4.10) 

is defined as the cov,pling matrix. The eigenvalues of Q indicate t he degree of coupliug 

between micro-ma nipulator joint motions and the resulting strain energy induced in t he 

flexible structure. Large eigenvalues indicate a high degree of coupling and therefore predict 

good active damping performance. 

As devised for path-planning. the Coupling Map includes both t he Eucliclian norm of 

a vector of the eigenvalues of Q. indicated by shading, superimposed on lines showing 

the directions of least coupling, as determined by the appropriate eigenvector. For active 

damping, only the degree of coupling between the micro-manipulator and its elastic base 

is important. so the lines are not included in this work. Also, the coupling magnitude is 

indicated by t he height of a smfacc plot rather t han by shading. Sample Coupling Maps 

arc available iu §5.1.3. 5.2.3, and 6.3.l. 

It should also be noted that a singular value decomposition was prescribed in Lhe original 

work. rather t han a n eigenvalue/eigenvector analysis. However. t he eigenva lues are identical 

to the singular va lues for a positive definite matrix such as Q . so the more common aud 

efficient eigenvalues are used here with identical results . 

4.1.2 Discussion 

A number of difficulties arise when the Coupling Map is used as a damping pcrformanc0 

prt>cliction tool. four of which were indicated by quest ions marks (?) in t he previous section. 

T hese. plus the additional problem of frame dependance, are discussed below. Where 

solutions have been found . they arc also presented. 



Model Simplifications 

The rlerivation of the Coupli11g Map requires a system with a massless flexible structurP that 

has no internal degrees of freedom. The LAURA-SARA manipulator obviously does not me<'t 

the~;(' criieria. so Guyan reduction was employed to reduce the system to fit tlw required 

model (set' Appendix C) . 

When Guyan rcductiou was applied for P-PED in §:3.3.4, only the iuertia of the macro­

rna11ipnlator ancl the micro-:nanipula1or base were included. In contrast. the complet0 

m in0-manipulafor is included ·when reducing the system to calculat(' the Co11pling ?\,fap. 

Assumption of N egligible GraYitational Forces 

Our· of t.hC' as!'umption,: in developing dw Coupling Ma.p is that grnvitatic'wtl for('~!s a.n' 

negliirihl<'. This pn'sents l!O difficulti:.·s for tl-e space manip 11lc1ton. fo,· which the met~wd wac; 

ckvdopcd bm. i:-; ('karly invalid for tlie terrest1ial LDUA 111anip,1;ator (sec !Jl.i) . However, 

tlcxihl<> struf'tur(' c!Pfkr-tions du<' tl> gravit.atio;rn,l forc1•s are typically small and ma,v !J0 

w·gll'ct<'d. r\l,C'1w-1tivd,r. tlw u01ni11aJ i::t.atC' of the manipu lator can be ('ak:ulat ed 11ndPr the, 

i11fh 1C'nce of gravity. aud the' <'cp1ai;ions of mot.iou linearized abrJLJt this stMe. Gravity i~ not, 

a c;o 11c·crn for the LAURA-SARA 1n.-tnipu!ator as it acts on a horizont.a l p lane. 

Assumption of Small Interbod y Forces 

This is a reasonable assurnptiou for pa th-plan11ing where a good path will lead ; o s!nall 

force:; a nd torques between the micro- manipulator and its base. However. for effective 

active damping the micro-nrn,nipulator must exert large forces on its base. No resolution to 

this problem l1as becu foun<l. Of course, 'small' is a relative term and the assumption may 

still apply for a small rnicro- 111a nipulator rnonntecl on a massive base. 
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Proportionality of Displacements and Restraint Forces 

Through equation (4.6) the instantaneous base dynamic disturbance, 6qb. is related to reac­

tion forces and eventually to the strain energy of the flexible structure, V . Although strictly 

there is nothing wrong with this equation. it seems awkward to start with rnomentnm (ve­

locity) considerations and later switch to forces aud torques, which arc more appropriately 

considered with accelerations. 

T he meaning of T b in the context of au elastically supported micro-manipulator, rather 

than a free-floating manipulator, is also ambiguous. 

Frame Dependance 

It is a s imple matter to show that the coupling matrix, Q, is a function of the location of the 

base coordinnte frame. and therefore not frame invariant. The choice of coordinate frames 

affects both the magnitude and shape o[ the Coupling Map. To resolve this problem would 

require s ignificant changes in the deri vation, so that the resulting equations could no longer 

be called the Coupling Map. Perhaps by chance, the shape and magnitude of the Coupling 

Maps for the manipulators investigated in Chapters 5 and 6 were qualitatively unchanged 

for reasonable coordinate frame locations. 

4.2 Accelerative Damping Map 

T he Accelerative Damping Map (ADM) was developed in the current work in response to tlw 

problems found with the Coupling Map. No macro-micro manipula tor model s implifications 

are required, grav ita tional forces are not a concern, and the ADM is frame invar iant. Also. 

t he ADM is based on micro-manipulator joint accelerations and the resulting generalized 

forces (wrench) appl ied to the t ip of the 111acro-manipula tor. 
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4 .2.1 D erivation 

Thcr<' arc no restraints on the manipulator model. so t he general C'quations of motion defiiwd 

in <'quation {•l.l) ar<' used. Two simplify ing assumptions are however r<'quired: 

1. micro-manipulator j oint rates arc small; 

2. flexible' structur<' e lastic deflections. ratC's. and act<'lerations are small. 

The sn1all rate assumptions were used to develop t he linearized equations of n1otion iu 

cq11a.tion (~.l). The elastic force vector. T e, of equation (4.1) is a sum of forre vectors 

resulti ng from e lastic deflections and accelerations and from micro-manipulator joint acccl-

s<'c·o1HI assumption rnsures that T c, remains small all(! is therefore negl<'('IC'd. 

T herefore'. on ly 111ic:ro-111anipulator j oint ac·c·clcrations cau apply appreciable' for!'es and 

moments to the flexible strnc-t ure. For any vector of mino-mauipulator joint ac:c-rlcratio11s 

applied frorn rest. q, .. the r('sulting forces and moments applied lo the base ,ue: 

T er = M cr<Jr {4.11} 

As with the Coupling l\Iap. the straill energy. V. is used as a measure of the effect of T 1r 

01.1 I.he flex ible structure. The strain energy is: 

V I T K - 1 
'i T er 1•e T er 

= {4.12) 

= 

wh<'n' 

T - I R = M e,.K ec M 1 ,. ( 4.13} 

is I he acrPlf'ralivP damping malrii·. Each e igenvalue of R indicates the incl 11c·C'd strain 

cn<'rgy w11<'n I.he micro-manipulator j oi11t acceleratio n vector q,. is equa l to Lhe corresponding 

normalized cigC'nvcc-lor. Thus. if the eigenvalue's are large. good active damping pC'l'formanc<' 
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is predicted. T he Euclidian norm of a vector of the eigenvalues of R is the scalar measure 

of predicted damping performance from t he Accelerative Damping Map. 

4.2.2 D iscussion 

Unlike the Coupling Map, ADM was developed specifically as a tool to determine t he 

optimal micro-manipulator configurations for active damping. There are no restrictions 

on the geometry or mass distribut ion of t he macro-manipulator, and the resulting map is 

frame invariant. Since active damping generally involves rapid changes in direction. it is 

reasonable to expect micro-manipulator joint rates to remain low, while accelerations arc 

large. The primary assumptions of ADM fi t that scenario. 

A potential problem with ADM is that t he mass of the macro-manipulator is not used in 

deriving the method. T he accelerative coupling matrix R isa function only of the M e,. mass 

terms and the flexible structure stiffness matrix, K ee · The Modal Inertia Map. presented 

below, was developed to address this shortfall. 

4.3 Modal Inertia M a p 

4.3.1 Concept 

Both the Coupling Map and the Accelerative Damping Map assume small macro-man ipu­

lator elastic deflections. Displacements (CM) or accelerations (ADM) arc applied to the 

joints of the micro-wauipulator, and t he effect of the result ing base wrench on the macro­

manipulator is a'iccrtained through t he elastic strain energy. The Modal Inertia Map (MIM) 

is completely d ifferent: it is based on measuring the micro-manipulator excitation resulting 

from macro-manipulator t ip accelerations. 

Recall that Joint Space Derivative (JSD) active damping schemes. such as P-PED and 

Impedance Matching. rely on macro-manipulator vibrations inducing micro-mauipulator 

joint motions. Opt imal damping performance is t hus achieved when the mi<.:ro-rnanipulator 

is configured so that its joints are very sensitive to macro-manipulator vibrations. The 
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MIM is a method of measuring this sensitivity for a particular mode of macro-manipulator 

vibration. 

T he domi nant mode concept, introduced in the Impedance Matching deri vation (§3.4.1), 

is required for the MIM. The predicted damping performance is measured by the sensitivity 

of the micro-manipulator to macro-manipulator vibrations in the dominant mode. It. was 

argued in §3.4.1 t hat the first mode will nearly always dominate the system response. 

However, Modal Iner tia Maps can be developed for other modes if required. 

To illustrate the MIM concept, a s imple planar macro-micro manipulator like that used 

to derive Impedance Matching (§3.4.1, Figure 3.3) is considered. Macro-manipulator vibra­

tions arc confined to the dominant mode, with the single micro-manipula tor joint locked at 

a nominal angle. The peak torque required to hold the micro-manipulator as the macro­

manipulator vibrates is easily calculated from the equations of motion. If t his peak torque 

is large at a particular micro-manipulator configuration, good damping performance is ex­

pected. 

4.3.2 D erivation 

o model simplifications are required to develop the Modal Iner t ia Map. so the general 

equations of motion in equation (4.1) are used. T he first step is to calculate the dominant 

macro-manipulator mode shape, <le, with the micro-manipulator locked in a nominal con­

figuration, '1r· T he mode shapes are calculated by sol.ving the eigenvector problem for the 

model: M ee<ie + K eeqe = 0. (It is noted that M ee and K ee are functions of iir ) . The 

dominant elastic mode shape, <le, is generally that of the lowest mode of vibration. 

Alternatively, if an accurate macro-manipulator model is not available. t he dominant 

mode shape can be d irectly measured on the assembled manipulator. T he measurements 

should be made on the micro-manipulator base, as the motion of the base is required in the 

next stage of the derivation. 
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As the macro-manipulator vibrates. the elastic coordinates arc described by 

(4.14) 

where A is the vibration amplit ude and we is the frequency of t he dominant mode. Similarly. 

t he elastic accelerat ions are 

(4.15) 

T he vibration is normalized by setting A = l. The peak acceleration of the elastic structure 

is thus iie,max = w;CJ.e· At the instant when iie,max is applied, the torques Tr required to 

lock the micro-manipulator joints at their nominal configura tion are: 

(4.16) 

For t he simple manipulator used to concept ually develop the MIM iu the previous set:­

t ion, the peak torque required to lock the single micro-manipulator link was proport ioual 

to t he effective inertia of the link for base motions parallel to the dominant mode shape. 

Similarly. the clements of the vector Tr.rnox UJr) are proportional to the effective inertia seen 

aL each joint fo r vibration confined to the dominant elastic mode. The Euclidian norm 

of r ,._,,w£(iir) is called the modal inertia for the micro-manipulator configuration defined 

by iir• T he magnit ude of the modal iner tia is used as the measure of predicted damping 

performance. 

4 .3 .3 Discussion 

T he Modal Inertia Map was developed specifically for Joint Space Der ivat ive (JSD) con trol 

damping s tra tegies. All of the terms of the liuearized equations of motion arc used to derive 

t he Moda l Inert ia Map. By contrast, only the elastic stiffness matrix K ee and t he M er 

block of the system mass matrix are used to der ive the Accelerative Damping Map. For the 

Coupling Map . a reduced macro-manipulator stiffness matrix, K 1i, is used with the reduced 
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mass matrix blocks, M b and M br · 

4.4 Damping Performance Evaluation 

T he two major research goals of this work have been to compare the damping performance 

between active damping methods and to develop and evaluate tools for predicting the best 

micro-manipulator configurations for damping. A standard measlU'e of damping perfor­

mance for the simulation and experimental results is required for both these objectives. 

It has been assumed in the derivation of Impedance Matching and the Modal Inertia 

Map that a single mode of vibration, at a frequency we, dominates the elastic response. 

This assumption was validated by the simulation and experimental results of Chapters 5 

and 6. A similar assumption is therefore used below to derive the standard measure of 

clamping performance. r;,. 

Strain energy. V = ½q{ K eeQe• is used to measure the elastic energy in the system at 

any instant. For undamped dominant mode vibration, the elastic coordinates are defined by 

qe = Qe,maxsin(wet+¢) . The strain energy can thus be expanded as V = Vmax sin2(wet+¢), 

where Vmax = ½q~:maxK eeQe,max is the peak strain energy. 

If the vibration is viscously damped. the elastic coordinates are defined by 

( 4.17) 

where k is a time constant defining the exponential rate of decay. The strain energy is thus 

( 4.18) 

and r;, = 2k is used as the standard measure of damping performance. 
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Chapter 5 

Simulation Results 

Simulation results for five simplified manipulators are presented in th is chapter . The manip­

ulators a rc divided into two groups; four very simple (VS) manipulators and one consisting 

of SARA mounted 0 11 a single flexible link. The latter is referred to as the OLS manipulator , 

for ·One Link plus SARA' . 

I t is difficult to gain insight into the procedures and methods of active damping by 

implementing them experime11tally on a complex manipulator. There arc inevitably many 

unmodcllcd complexit ies in real systems, and it can be difficu lt to separate their effects 

from t hose of t he theory under invest igation . The simplified simula t ions presented here 

avoid t hese complications and clearly demonstrate t he pros and cons of the various methods 

developed in previous chap ters. 

Another d isadvantage of a purely experimental invest igation is t ha t the proper ties of the 

experimental manipulator r1,rc generally fixed . There is 110 guarantee tha t the resul ts and 

co11cl11sions attained with a part icular manipula tor will be applicable to other manip ulators. 

To address this concern. the fom kiuematically similar VS manipulators were designed to 

ex hi bit a wide range of st iffness and iner tial proper ties. 

T he OLS manipu lator is a simplified version of the LAURA-SAR A manipulator, which was 

int roduced in Chapter 2 and is invest igated experimentally in Chapter 6. A comparison of 

t he OLS and LAUR A- SARA results will help to isola te the effects of various complexities in 
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vs, 

L,=O 2m 

F igure 5.1: Ve1y Simple (VS) Manipulators 

the latLcr. 

T his chap ter is intended to demonstrate potential strengths and weaknesses of t he dit:. 

fc reut methods. and to gai11 some insight into their application. For the sake of brevity, 

stra i11 energy and joint position plots are not included here. The experimental results of 

Chapter 6 arc presented in more detail. 

5.1 Very Simple Manipulators 

5 .1.1 System M odels 

The four VS manipulators, VS1 t hrough VS4 , a re illustrated in F igure 5.1 , and the proper t ies 

of each are lis ted in Table 5.1. Each is a planar manipulator constructed from a single­

DOF micro-manipula tor mounted on a round base, which is itself mounted on a massless 

flexible link. The manipulators differ only in the lengths of the flexible and rigid links. For 

ea('h ma nipulator , t he flexible link s tiffness matrix is equal to t hat of an aluminum link 

(E=68.95 GPA) with a 10cm x 1cm cross-section. 

Table 5.1: Geometric and Inertial Prop erties of the VS Manipulators 

P roperty Sy mbol Units VS1 VS2 VS3 vs, 
Base Mass ffib (kg) 3.0 3.0 3.0 3.0 
Base Radius R b (m) 0.1 0.1 0.1 0.1 
Rigid Link Mass m,. (kg) 1.0 1.0 1.0 1.0 
F lexible Link Length Le (m) 1.0 1.0 3.0 3.0 
Rigid Li11k Length Lr (m) 0.2 1.0 0.2 1.0 
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Sim·<' the VS flexihl<' strucl lll'<'S a rr masslrss. Guyan reducLioll is Hot rc'quired for rithrr 

P-PED (§J .3) or the Coupling Map (§•Ll). This is important, as t he results fro111 the VS 

manipulators thus rrflrct the performance of P-PEO a nd the Coupling J\lap a.c;; originally 

pr<'sent('(l by Torres [21]. This helps to isolat<' any problems <"aused by imp l<'menti11g Guyan 

r<'duc-tiou for LIH' cxpNimcnt.al work prrsentC'd in Cha pter 6. 

Th<' VS manipulators hav<' t hrce d<'grees of freedom. dcfin('(l by t lw vector q = [yi,. 0,.. 0,.] 1 
• 

where .lib a11d 0b are th<' transverse a lld angular e lastic base displac·rmeuts. and 0,. is I It<' 

rigid link angl<'. T he flrxiblc link is 111odcllcd as ax.iaJly rig id. so ax ia l hasC' displacenw nt, 

is negkctrd. i\lanipu lator dynamics were linearized about a nominal nJi<To-rnanipulator 

angle. 0,. . for the damping performance simulations which follow. 

5 .1.2 D am p ing P erforma nce 

The damping 1wrformance of P-PED and Impedancr Matching on the VS man ipulators 

was detnrninrcl by applying an ini tia l elastic disturbance, Qbo = [1JbO, 0bof". to t lw micro­

manipulator bas<'. An rxponential rnrvr fit to the strain e11<'rgy rrsponse lh<'n yirlded lh<' 

dN·ay rnnstant. t;, . for the parli<"ular c·o11figurntion and damping nwthod. Th<' damping 1wr­

fonnan<"<' is pot<•ntially a, function not only of I.he PD gains and 110111inal miC"ro-ma11ipulator 

('()nfiguration. hut also of the direction of the initial disturbance. Qbo· Howrvrr. simulations 

with many different iuit ia l dist urbanC'e V<'ctors gav<' nearly identical results. A standard 

initial disturbance of qbO = [lr-m. OJ" was used to g<'ncrat<' t he res11lts which fo llow. Fig­

nrc• 5.2 shows the darn ping pcrformancr results for the four systems over a rnmplctc rang<' 

of norni11al micro-manipulator ronfigmations. 

Pseudo-Passive Energy Dissipat ion 

n <'call from §J.3.4 that P-PED perforrns poorly when d irectly applied to rnanipulators with 

poorly c·onditionrd stiffness matrices. In part icula r. the very stiff t,ranslat iona l <lircction(s) 

IC'ad to unreasonably large terms in the micro-manipulator proportional and derivative gain 

matrices. Two methods of avoiding this problem were suggested: the stiff directions can 
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simply bC' 11cglec"Lcd. or the st i ffncss of L he stiff dirC'cl io n( s) nw be red ucc'd to that of a 1110n' 

flcxiblC' dirC'ction. 130th these methods. la belled P-PED A and P-PEDo rC'SpC'clivc' ly. wer<' 

implcmcnLcd on thC' VS ma nipulators . 

The virtual manipulator Jacobian. which is used to determine the P -PED gain matrices. 

has t he sam e form for eacl1 of Lhc four VS m a nipulators: 

The PD joint gains a re ea.5ily calculated as a functio n of Or: 

P-P EDJJ : 

J) 1 = ¼k,.y L~cos2 (0r) 

7) 
_ I I. £ 2 

11 - 1"1'!/ r 

d.1 = tcryL; c-os2 (0,.) 

d - I,. __ £ 2 
8 - 1"1'!/ 1' 

(5.1) 

(5.2) 



6 l 

where kry and Cry a rc the optimum spring and damper constants calc11 lated for t he mass­

spriug-damp<'r syslPIIIS. as p<'I" §3.3.2. and arc independent of the mitro-rnanip11lator co11-

figurntio11. Nol<' that JJ ,\ a11d d ,1 tc11d to zero as 0,. approaches ± 90°. whrrcas po and dn 

ar<' <"onstants. \Vhl'n 0,. = O" and 180°. the gains for P -PED.-1 and P-PED/J a.rf' id<'ntical. 

P-PED.1 generally out-p<'r forms P-PEDe. but its good performanc<' sccms to bc a result 

of negk-cting t.he stiff axial direction rather than of a fundanwnta l strength of the P-PED 

method. Obs0rve that t lw b0st clamping occurs on 0ithcr side of 0,. = ± 90°. where th<' 

p,1 a nd d,1 gains arc very small. Loca l minima are scc11 at 0,. = 0° and 180°, where tllC' 

gains are functions of the transverse stiffness only and are unaffected by the assumptions 

regarding the stiff axia l dir<'<" f.ion. 

T he P-PED B performance curves have a very different shape than the P-PED,1 curv0s. 

Dam ping is gc•nerally most dl'c:-ctive whc•n the mino-manipulator is at 0,. = 0° and 180° a nd 

least. c•ffect iv<' at 0r = ± 90°. with the cxceptio11 o f VS2, where the perforrnance curve ha.<; a. 

single peak at 0,. = 0°. These cun·es a rc very . imilar in shape lo the Imp0dancc fatching 

perforn1ancc curves discussed below. 

Th0 damping pc>rformancc from both P-PED methods was significantly worse than that 

obtai11<'d using Irnp<'dauce Matching. A possihl<' explana tion is that P-PED on a planar 

manipulator is iutend('(I to approximaL<' two orthogonal 111ass-spring-damper sysl<'lllS in the' 

plan<'. The single DOF of the VS micro-manipulator is insuffic-i0nt for this task. Bctt<'r 

pPrfonuan('C relative' Lo Impedance Matching could perhaps be expected from a rnulti-DOF 

micro-111anipulator. and is ohs<'rved on the OLS manipulator. 

Impedance M atching 

The VS manipulaton-; a rc ident ica l iu form to Lhe manipulator used to ckrive Imp0danc·0 

:\fatc·hing in §3.4. From equation (3.31), the IM gains arc: 

P,.,1 = Jri:./; 

d, 11 = 2( .lrWe 
(5.3) 
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wh<'rC .lr = tm,.L~ is the mass mom0nt of in0rtia of the rigid link about the jo int axis 

of rotation. We is the• dominant (first) elastic modal frequency of t l10 flexible structure 

cairn lated with t lw micro-ma nipulator lock0d at its nominal ('Onfigurat io u. and ( is the' 

damping ratio of t lw micro-manipula to r. Recall tha t the b<'st damping is <'XJ)C'cted as 

(-+ 0. but la rger valuc-s of ( a rc required to limit the magnitude o f micro-manipulator jo int 

motions. A rompromisc value of ( = 0.5 is used for this investigation. 

Prom Figure 5.2 it is obscr v('d that the damping performance using I?'II was consistent ly 

b C' ll t'r tha11 that usi11g t he P-PED methods. T hC' curves for sysl,ctns VS 1• VS.1. a nd VS I have• 

approximately the same shape. with the best damping performance orc-u rring at O,. = 0°. 

near 1-C'ro da mping at Br = ± 90°. a nd a local maximunt at 0,. = ± 180° . System VS2 is 

different however. with a local minimum at Or= 0° and peak performance at 0,. = ± 60° . 

T hC' diffor<' 11l shape' of the' VS2 pcrformauce c-urve ca11 be exp la ined by the assumptions 

required lo dNive l111pcda11ce t\fatchi11g in Chapter 3. When drriving Hvl, it was assumC'd 

that the 111a<-ro-ma11i71ulator continues to vibrate at the original Jrequ<'11ry. w1 • while the 

micro-manipulator di8sipatPs the elastic energy. However. We was calculatC'd with Or lock<'d 

and could change when compliance is int roduced at the joint. Should t he frequency change 

s ig nificantly. the micrn-manipu lator wo uld no lo nger be properly 'tuned' a nd damping per­

fo rmance would be reduced. 

Figure 5.3 shows t he fractional change in w" when the micro-manipulator is controll<'d 

with IM gains, rather than rigidly locked. The large cha nge in Wr in th<' vicinity o f Br = 0° 

on VS2 explains the truncatcd sha pe of the VS2 performance curve. 

5.1.3 P er forman ce Pred ictions 

The' pcrfon11a 11ce prcdictions from the Coupling Map (C1\II) . Ac-celerativ<' Damping Map 

(AD?--1) . a11d Modal Inertia Map (:\UM ) are plotted in Figure 5.4. The predict io n curves 

have' been norma li%ed so that C'ach is dimensio nless with a maximum value of om'. ThC' 

cont rih11tio11 of each 111a p towards predicting th<' obsc'rV<'d pNfor rna ncC' is defi 11c•d by the 
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coefficient of determination. r2 [12]. T he r2 values for each of the three maps versus each 

of P-PED.1. P-PEDB, and Impedance Matching are plotted in Figure 5.5. 

The goal of the performance pred iction maps is to determine the micro-manipulator 

configurat ion at which active damping is most effective. It is clear from the p<'rforrnancc 

plots of the previous section that IM is more effective than either P -PED ,1 or P-PED B · so 

the rliscussion which follows is focused on t he IM results. 

Coupling Map 

The CM curves in Figure 5.4 differ considerably from t he ADM and MIM curves. and 

more importantly also from the measured damping performance. T he Coupling Map is 

best at predicting the P-PED B performance, with a peak r 2 value of 0.66 seen with VS2 . 

Predictions of the P-PED A performance are t he worst, with a peak r2 of only 0.23 seen 
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with VS2. The inability of the Coupling Map to pred ict damping performance on the VS 

manip11laton; no doubt arises from t he many Coupliug Map problems discussed in §4.1.2. 

Accelerative Damping Map 

T h<> ADM rnrvcs arc very poor p redictors of P-PED,1 performance. but do exhibit t he basic 

shap0 of the P-PED 13 and IM dampiug performance curves for the four VS systems. It is 

significant that t he s ingle central performance peak at Br = 0° observed with P-PED 13 and 

IM (ignoring the central dip in performance) is reflected in the ADM predictions. 

Between 75% and 98% of the shape of the IM performance curves is accounted for by 

t he ADM predictions. The low of 75% is seen with VS2 primarily due to t he tnmcatccl pcr­

fonnauce which was discussed in §5.1.2. Since the goal of ADM is to predict the maximmn 

degree of damping possible at a given configuration, it is not surprising that this limitation 

of the IM method is not seen in the predictions. T he r2 values for the ADM curves versus 

t he P-PED B performance are a lso quite high. 

Other subtle details, such as the relative magnitude of t he IM performance peaks at 

0,. = 0° and 0r = 180° for VS 1, VS3 and VS4 are seen in the ADM prediction curves. 

Modal Inert ia Map 

There is little difference between the ADM prediction curves and the MIM prediction curves. 

Generally. t he central peak of t he ADM curves is more pronounced and has steeper sides. 

but the location of minima aucl maxima arc nearly identical between the two maps. The 

ADM discussion therefore applies directly to the MIM curves. 

The central assumption of the Modal Iner t ia Map is that t he dominant mode shape. Qe• 

accurately represents the elastic vibration not only with 0r locked but also when compliance 

is introd uced in the joint. It is possible. however. that joint compliance will affe('t qe, just 

as it was shown to affect the corresponding modal frequency We· This was investigated by 

calcu lating the mode shape with IM joint compliance introduced to the joint, iieJ J\I, and 

comparing it to iie- The mode shape error, defined as the sine of t he angle between t hese 
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F igure 5.6: Change in Shape of Dominant (Fir.c;l} Mode of VS JVfanipufators when l l\lf 
Compliance is Introduced lo Alicro-Afanipula.tor 

two V<'ct.ors. is plott.<'d in Figure 5.6. The error is less than 0.011 for VS 1 and VS3. and 

readH'S p<'ak values of 0.052 a nd 0.01 for VS2 and VS.i res pectively. These f'rrors are V<'ry 

sma ll. indicating that MIM is essentially insensitive to the micro-manipulator gains used. 

T his is an important result as it separates the performance prediction from the choir<' of 

active damping algorithm. 

5.2 ARA on a Single F lexible Link 

?\Iany of the rf'sults obtained for thf' O LS manipulator clos<'ly mimic- those for the manip­

ulators of the previous section. The following discussion is t herefore a bbreviated to avoid 

repetition. 
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Figure 5.7: One Link plus SARA (OLS) .\Ia11ip11/ator 

5.2.1 System Model 

Fig11rr 5. 7 shows the complrt.r O LS nia nipulator. Tbe flexible link is a l.215m l<•11gth of 

aluminum with a 6.35mm x 50mm cross-section . This cross-srrtion is the samr as thr 

LAUf!A flexible links, and the length matches that o f LAURA in t he straight-out configuration. 

The OLS manipulator is thus equivalent to removing the LAURA2 joint from the LAURA-SAflA 

manipulator and r<'placing it with a length of flexible link. Tht' link is rigid in t lU' axial 

dirC'<tio11. 

A rnordinate vector. q = [qr. qff' . is defined. where qb = [yb. 0bf defines the elasti<" 

ddfrc:tions of the SAflA base. ,-u1d qr= [0s1.0s2.Os3)'r defines the angles o f the thrc•c joints 

of SARA. As with t he VS manipulator. . all non-linear terms in the dynamics equations arc 

dropped. 

T he obsrrv<'d ancl prcdic-tC'd performance plots in the following SC'c-tions rtr<' two-di­

mC'nsiona l surfaces ov<'r a grid defining the nwge of nominal 0s 1 and 0 52 angks. tic;, and 

iJ.c;2, i11 15° intervals. The nomina l 0s1 conriguration is straight-out (0_,.,,1 = 0° ) for a ll 

si11111lations. At Pa<"h point [0 c; 1. 0s2] the height o f t hP surface' represents the obsC'rvC'd or 

pr<'d ic- t<'Cl prrforma11<·<'. Lines on I h<' baC"k planes of ea('b plot arc project ions of th<' surfac·<' 

pPaks int<'11d<'<I to show the scale of surface features. Reference lines at. !)0° inter vals arc 

also incluclC'd to help locate features OJI the grid. 
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5.2.2 Damping Performance 

As before, the performance curves were generated by applying an initial deflection. q b0 , to 

t he SARA base and fitting an exponential decay funct ion to the strain energy response. T he 

decay constant, ,.,,, is proportional to the damping performance. Various initial deflections 

were attempted with very little difference in the performance curves. A standard of q b0 = 

[1cm, 0]7 was used for a ll s imnlations presented here. 

Pseudo-Passive Energy Dissipation 

Figures 5.8 and 5.9 show the observed damping performance using P -PED A a nd P-PED 11 

respectively. A peak performance of"'= 1.08s- 1 was achieved for P-PED .. 1 with an average 

of Yi, = 0.40s- 1 . The correspondiug values for P-PED 8 are 1.17s - 1 and 0.41s- 1. 

T he P-PED gain matrices have a much more complicated structure for t he 3-dof SARA 

lllicro-manipulator t han they did for the single-dof micro-manipulator of the previous sec­

tion. Each clement of the 3x3 matrices is a non- linear function of the SARA joint angles and 

the virtual manipu lator link lengths. The shape of the performance surfaces is therefore 

quite difficult to interpret. However, some simple comparisons to the results of the previous 

section can be informative. 

When Bs2 = 0° or 0s2 = 180°. the OLS manipulator is very s imilar to the VS manip­

ulators. Its three links form a line. and the base reaction forces to any joint movements 

are perpendicular to this line. Cross-sections through the surfaces of Figm es 5.8 and 5.9 at 

these locations show a very strong resemblance to the corresponding curves for VS1. VS.3 , 

and VS4 in Figure 5.2. 

Both surfaces exhibit ·valleys· of poor performance where 051 = 0° and 180° . This is 

in direct contrast to the Impedance Matching results of the next section. which show peak 

performance at these same locations. 
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Impedance Matching 

Using full gain matrices, it is possible. and even preferable, to t une a ll of t he modes of 

SAR A to the dominant (first) mode of the complete OLS manipulator. However. a lternative 

diagonal gain matrices were developed in §3.4.2 since the full gain ma trices led to SARA 

instability when implemented experimentally. It is not possible to t une all SARA modes to 

t he single domina nt modal frequency of the O LS manipulator using diagonal gain matrices. 

Instead , the first two SARA modes were tuned to t he first two OLS manip ulator modal 

frequencies. Simulations were performed using both the full and diagonal gain matrices. 

and t he results were very s imilar. Only the diagonal gain matrix results a re presented here 

to be consistent with t he experimental results of Chapter 6. 

The observed IM damping per formance is shown in Figure 5.10. T he same 'trnncatccl' 

performance that was observed in the VS2 results is seen here. Once again, the effect of the 

micro-manipulator compliance on the dominant modal freq11ency explains t his effect: the 

fract ional frequency error plotted in Figure 5.11 correlates well wit h the region of reduced 

performance. 

T he mean per forma nce is 1,, = 0.46.s- 1
, slightly greater than t he P-PED results. b ut the 

peak of "'= 0.87s- 1 is considerably less than that from P-PED,4 or P-PED u. Potentially, 

t he peak per formance could be improved by adjusting t he micro-manipulator gain matrices 

on line. T hese adjustments would serve to adjust the micro-manipulator frequency. Wr · so 

that it follows t he dominant elastic frequency we, which changes clue to micro-manip ulator 

compliance. 

Even if t he performance of t he IM met hod can be improved in the central region by 

adjus ting t he frequency to which t he manipula tor is tuned , P-PED would still produce 

superior performance in other locations . T he best active clamping locations using P-PED 

are well away from t he central region. It is therefore likely t hat a combination of IM aud 

P-P ED will yie ld better results over the entire range of SARA configurations . 
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5.2.3 P erformance Predict ions 

In F igure 5.12. the r 2 values for the Coupling Map (CM), Accelerative Damping Map 

(ADM). and Modal foertia Map (MIM) versus P-PEDr1, P-PEDn, and Impedance Matching 

arc p lotted. In general, these values are much smaller than those for the VS manipnlators . 

T he CM. ADM, and MIM pred iction maps are plotted in Figures 5.13 through 5.15 and a.re 

discussed below. 

Coupling Map 

The surface defined by t he Coupling Map predictions, which is plotted in Figure 5.13, shows 

uone of t he features of P-PED .. , . P-PED B· or Impedance Matching performance surfaces. In 

fact, CM contributes almost nothing to predicting the performance of any of the methods, 

with a maximum r 2 of only 0.02 versus P-PED B · When combined with t he results from 
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t he VS manipulators. this stro11gly suggests that t he Coupling Map is uot a good tool for 

determining t he optimum micro-mauipulator configurations for active damping. 

A ccelerative Damping Map and Modal Inertia Map 

F igures 5.14 and 5.15 show that the ADM and MIM predictions are once again similar. T he 

central peak of t he ADM surface is more pronounced than the corresponding MIM peak. 

but otherwise. the shapes of the two surfaces closely match. 

Neither surface mimics the P-PED performance results. but they are relatively coherent 

with t he IM surface. MIM is the better predictor of the two with r 2 = 0.61. compared to 

0.44 from ADM. As was foun<l with t he VS2 manipulator. the primary difference between 

the predictions ancl t he IM performance is that the ·t runcated ' central region of the IM 

performance surface is not seen in t he predictions. 

T he MIM method is based on accurate knowledge of the sha pe of the dominant mode 

of vibration. In §5.1.3. a mode shape error was introduced to quant ify t he change in the 
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mode shape due to t he introduction of micro-ma nipulator compliance. It was shown t liat 

t he mode shape changed little for the VS manipulators. T he mode shape error for the 

OLS manipulator is plotted in Figure 5.16. T he maximum error. 0.016. is again very sma ll. 

suggesting t ha.t MIM is valid for reasonable micro-manipulator gain matr ices. 

5.3 Summary 

For the VS manipulators, Impedance Matching resulted in far better damping performance 

t han eit her P-PED r1 or P-PED 8 . Of the two P-PED methods. P-PED r1 gave better results 

but this was attr ibuted to neglecting the rigid axial direction rather t han a strength of I.he 

P-PED theory. T he Impedance Matching performance curve for VS2 contained a central 

depression around 0,. = 0° . whereas the curves for the other three systems had peaks at 

this location. T he clepressiou, or ·truncated ' performance, was attributed to changes in the 

domina nt elastic modal frequency due to t he introd uction of micro-manipulator compliance. 
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The P-PED methods y ielded better peak damping performance than Impedance Match­

ing on the OLS manipulator. A central region of truncated performance was seen in the Im­

pedance Matching results . similar to that seen on VS2. I t was again attributed to changes 

in the dominant elastic modal frequency. It was hypothesized that performance truncation 

could be limited by changing the tuned micro-manipulator frequency online. 

T he Coupling Map was a consistently poor predictor of damping performance. Both 

ADM and MIM. which gave s imilar pred ictions, predicted the Impedance Matching perfor­

mance very well, except that the truncated performance was not seen in the predictions. 

Since MIM is predicated on accurate knowledge of the dominant mode shape. tests were 

performed to determine if this mode shape changes significantly when micro-manipulator 

compliance is int roduced. It was shown to change very little. so MIM appears to be valid 

regardless of t he micro-manipulator gains used for active damping. 
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Chapter 6 

Experimental Results 

T he procedure for and results of experimental work on t he LAURA-SARA manipulator ar0 

p resented in this chapter. A detailed description of t his manipulator was presented in 

Chapter 2. It is similar to the OLS manipulator of Chapter 5. except that two flexible links 

separated by the LAURA elbow joint (LAURA2) comprise t he flexible structure of LA URA­

SARA. rather than the single long flexible link of t he OLS manipulator. The LAURA2 joint 

contributes both an internal degree of freedom and s ignifica11t structural mass to LAURA . 

6.1 Procedure 

Experiments were performed with t he LAURA2 joiut locked at two different angles: i]i2 = 

- 15° and Bv2 = 60°. The LA URA shoulder and elbow joints were held in their 110111inal 

configurations with propor t ional gains of 8000 and 4000 Nm/rad respectively. Although 

each of t he LAURA links is essentially r igid axially, there is significant compliance in all 

directions when 01,2 is non-iero. 

A standard elastic deflection was imposed and released at the SARA base at the start 

of each OLS manipulator simulation. Although th is ideal ized proced ure was useful for sim­

ulations. it is neit her experimentally practical nor representative of how vibrations arc 

excited in real manipulators. Typically, the macro-manipulator is used to deploy t he micro-



Table 6.1: LAURA Deployment Details for LAURA-SARA Experiments 

Test Configuration 
LAURA2 at -15° 
LAURA2 at 60° 

(a) LAURA2 at -15° 

'I\·ajectory LAURA! LAURA2 
Description Start Finish Start Finish 

10° /s for 3s -30° 0° -45° -15° 

6 r /s for 3s -20° 0° 40° 60° 

0 
I 

0 :., 
0 

0 

(b) LAUR.A2 at 60° 
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Figure 6.1: Deployment Maneuvers and LAURA Configurations for Experiments with LAURA­
SARA Ma.11ipufator 

manipulator to a work site and its joints are then locked while the micro-manipulator 

performs a task. Therefore, at the start of each experiment, LAURA was deployed to the 

test configuration with SARA controlled by stiff PD gains . The LAURA! and LAU!lA2 deploy­

ment trajectories arc summarized in Table 6.1 and illustrated in Figure 6.1. Constant joint 

rates were commanded for three seconds to move the joints to their desired end positions . 

After deployment, SARA was controlled with stiff PD gains for two seconds before switching 

to the appropriate P-PED or IM gains for active damping. 

Example SARA base deflections and jo int responses over the course of a typical experi­

ment are plotted in F igure 6.2. The particula r results shown are from a test using Impedance 

Matching with iJL2 = 60° , 0s1 = -45° , and 0s2 = - 90° . The time index on a ll experiments 

starts at t = -5s so that SARA is switched from stiff gains to active damping gains at t = Os. 

T hese results a re typical in t hat the vibration is a lmost completely restricted to t he first 

mode. 

For both LAURA coufigurations, experiments were conducted over a grid of nominal 
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Figure 6 .2: Representative SARA Base Elastic Defi.ections a.nd Response of SARA Joints 

SARAl and SARA2 joint angles (0s1 and 0s2 ) in 45° increments. As with the OLS manipulator 

simulations, SARA3 was nominally locked at 0° for all tests. 

6.2 D amping Performance 

T he data from each experiment was analyzed offline to determine the decay constant . /'i,. 

T he performance measured in t his way ranged from a low of Yi, = 0.04s- 1 to a high of 

r;, = l.23s- 1 . Representative strain energy plots are shown in Figure 6.3. At the low end. 

r;, = 0.04s- 1 is near t he small observed structural damping from the impact experiments of 

Chapter 2, where t he joints of SARA were mechanically locked. 

The surface plots which follow represent the measured damping performance over the 

complete range of SARAl and SARA2 joint angles. Reference lines are drawn around the 

perimeter of each p lot at 90° intervals to help locate surface features. and the height of these 

features can be determined from the projections of the surface peaks ou the back planes. 
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Figmc 6.3: Representative S train Energy Plots Demonstrating tlie Range of Damping Per­
formance Observed on the LAURA-SARA Manipulator 

6.2.1 P seudo-Passive Energy D issipation 

Implementation 

Many of the potential P-PED implementation problems discussed in §3.3.4 arose with the 

LAURA-SARA manipulator. In particular, a significant macro-manipulator mass. coupled 

trans lational degrees of freedom at SARA's base, and instability when using the full P-PED 

matrices were present. The fourth potential problem, a poorly conditioned base stiffness 

matrix, was avoided by not performing any exp eriments wit h LAURA2 straight . Solutions 

as they apply to t his particular manipulator are presented below using the definitions from 

§3.3.1 and §3.3.4. 

The use of Guyan reduction was necessitated by the significant mass and internal degrees 

of freedom in LAURA. The resulting 3x 3 mass and stiffness matrices correspond to t he e lastic: 
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. T coord inates of the SARA base. defined by the base coorclmate vector qb = [xso -Yso, 0so] . 

Using units of N, m, and radians, the reduced LAURA stiffness matrices arc: 

1.648e5 2.148e4 - 9.960e3 

LAURA2 at -15° : 2.148e4 3.296e3 - l.701e3 (6.1) 

- 9.960e3 - 1. 70le3 1.00le3 

8.826e3 -4.680e3 2.077e3 

LAURA2 at 60°: K b,60° -4.680e3 3.316e3 - l.7lle3 (6.2) 

2.077e3 - 1.7lle3 1.006e3 

It is immediately clear that t he elastic base translations. X& and Yb, are strongly coupled 

through the st iffness matrices. To obtain the orthogonal stiffness terms required to deter­

mine P-PED gains, the a bove stiffness matrices were d.iagonalized as per §3.3.4 to give: 

LAURA2 at -15°: (6.3) 

LAURA2 at 60°: (6.4) 

The condition numbers of k b,- 1.~o and k b,600 are 45.3 and 11.8 respectively. By contrast. 

tlw condition number of the LAURA stiffness matrix when 01J2 = 0° (k b.oo . not shown). wher<' 

the arm is nearly rigid axially. is 46 320. Unlike the simulations, both base translational 

degrees of freedom were used to calculated the gai.n matrices for experimental work. 

The final d ifficulty in implementing P-PED was that SARA was uustable when using the 

full gain matrices. As described in §3.3.4. the off-d iagonal terms were simply dropped for 

all experimental work presented here. 

In a few configurations. SARA was stable using full gain matrices. but t he damping 

performance using the full matrices was worse than the diagonal matrix results presented 

below. Some experiments were also conducted using gains calculated directly from K b,- i5o 
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F igure 6.4: Measured Damping Pcrfonwwce on LAURA-SARA Manipulator Using P-PED 

and K b.600 (wit hout first decoupling the base translation terms), again wi th results worse 

than t hose presented below. 

R esults 

P lots of the measured damping performance us ing P-PED at both LAURA configuratio11s a rc 

shown in F igure 6.4. Compared to the OLS manipulator results in Chapter 5, the measured 

performance on t he regularly spaced gr id of 0s1 and 0s2 angles is in general very poor. 

T his poor performance is explained by the dominance of the stiff translational direction in 

calcu lating t he P-PED gains. T he result is large SARA proportional and derivative gai11s 

and poor dampiug performance. 

In certain SARA configurations. however. t he stiff translation direction has little effec t 

on t he gains calculat ion. At these configurations, SARA joint accelerations result in base re­

action forces which are primarily a ligned with t he 'soft" translational directions. Additional 

Pxperimcnts. marked by individual points above the surface plots, were perfonned at some 

of these configurations wit h much improved damping performance. 

Dropping the off-diagonal terms from the full P-PED gain matrices is another possible 

cause for t he poor observed performance. Nevertheless, i t was necessary to do so as SAR A 
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was unstable when controlled with the full matrices. Also. as mentioned above'. at the 

few confignrntions where SAflA was stable with fu ll gain matr ices, the obscrvccl damping 

performance was worse t han the diagonal matrix results presented here. Guyan reduction 

and trauslatioual direction decoupling are other potential culprits. but they were both also 

required to experimentally implement P-PED. 

6.2.2 Impedance Matching 

Implem e ntation 

Equat ion (3.32) in §3.4.1 was a very simple method of calculating full Impedance Matching 

gain matrices, P t i\/ and D 1M - Unfortunately. SARA was unstable when controlled with 

these matrices, so alternative diagonal matrices were developed in §3.4.2. These alternative 

matrices were used for all Impedance Matching experiments and also for the OLS manipu­

lator simulations presented in Chapter 5. A damping ratio. ( . of 0.5 was used for both t he 

OLS simulations and the LAURA- SARA experiments. 

In developing tlw diagonal gain matrices, SARA was t uned to both the first and s0co11d 

elastic modal frequencies. However. as was seen in Figure 6 .2. the LAURA vibration and 

thus the SARA response was dominated by the first mode. 

Results 

Measured damping performance plots for the two LAU RA configurations arc showu in Fig­

ure 6.5 . T he two surfaces are nearly identical with the excep t iou of a small shift in the 0.s 1 

direction. 

T he peak performance values with LAURA2 at -15° and LAURA2 at 60° are ,,, = l. l Gs- 1 

and 1,, = l.23s- 1 respectively, and the corresponding mean values are 0.43s- 1 and 0.37s- L. 

T he measured performance surfaces are also very similar both in scale and shape to the OLS 

manipulator simulation results (§5.2.2) . The primary difference is that the trnncated central 

region of the simulat ion results is not present in t he surfaces of Figure 6.5. This truncation 



1.25 

1.00 

$0.75 

=-o.50 
"' 0.25 

0.00 
180 

-180 -180 

(a) LAURA2 at -15° 

051 (deg) 

1.25 

1.00 

$0,75 

=-o.50 
"' 0.25 

0.00 
180 

052 (deg) 

87 

180 

- 180 -180 °s1 (deg) 

( b) LAURA2 at 60° 

Figure 6.5: Measured Damping Performance 011 LAURA-SARA Manipulator Using Impedance 
Matching 

5 
~ 
e 
uj 
>, 0 
u 
C: 
Cl> 
::, 

g 
u: -5 

180 

180 

- 180 -180 
-90 o

51 
(deg) 

(a) LAUf!A2 at -15° 

l 
5 

g 
~ 0 
C: 
Cl> 
::, 
g 
u: -5 

180 

90 180 
90 

-180 - 180 
-90 0

51 
{deg) 

(b) LAURA2 at 60° 
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Compliance is Introduced to SARA 

was attributed to a large change (as much as 15%) in the dominant modal frequency when 

compliance was introduced to SARA in t he form of t he P, At and D,"' gain matrices. As 

shown iu F igure 6.6. t he change in Wr for t he LAURA-SARA manipulator is less than 5%. 

The lesser change i11 the dominant modal frequency is likely due to the extra mass in the 

flexible structure, so that the effect of SARA compliance on the complete system is smaller. 

The similarity between the two IM surfaces in Figure 6.5 is explained by a comparison 
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Table 6 .2 : First Mode Shape of LAURA-SARA Manipu lator with SARA Locked in Straight-Out 
Config11ration 

LAURA Configuration 
LAURA2 at -15° 
LAURA2 at 60° 

Mode Shape 
xso (m) Yso (m) 0so (rad) 
-0.049 0. 701 0. 711 
0.167 0.640 0.750 

of the first elastic mode shape in each LAURA configuration. In Table 6.2. these mode 

shapes. expressed in t he SARA base frame and calculated with SARA locked in the straight­

out configuration. are shown. There is very little d ifference between the mode shapes. 

Since the SARA base motion changes little between LAURA configurat io11s, the clamping 

performance curves are also mostly unchanged. 

6.3 Performance P redictions 

6.3.1 Prediction Maps 

The Coupling Maps. Accelerative Damping Maps. and Modal Inertia Maps for the LAURA­

SARA manipulator arc p lotted in Figures 6.7. 6.8. and 6.9 respectively. The maps arc plotted 

at 15° intervals. rather t han the 45° intervals used in t he experiments. to better show small 

details in the surfaces. 

The LAURA-SARA Coupling Map has a very simple structure, with tlw predicted per­

formance a function almost exclusively of the nominal SARA elbow angle, 0s2 . The peak 

predicted performance occurs at 0s2 = 0, and the performance drops as 0s2 increases un­

t il reaching minima at 0s2 = ± 180° . This shape is simi lar to that obtained for the OLS 

manipulator in Chapter 5, although there was slight ly more dependance on 05 1 for that 

manipulator. 

It is worth noting that Guyan reduction was required to generate t he Coupling Maps for 

LAURA-SARA, but was not required for t he OLS manipulator. The fact that the respective 

maps are similar in shape bodes well for the Guyan reduction procedure. 
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In C hapter 5, the ADM aud MI M plots for a given manipulator were invariably s imilar 

in shape. T his pattern continues with the maps p lotted in Figures 6.8 a nd 6.9. Once again, 

the primary difference is that the central peak is more prominent in the ADM. 

Except for a s ma ll shift in the location of the central peak, the re is very l ittle diffe rence 

in the maps with LAURA2 at -15° and LAURA2 at 60° . Each is a lso very s imilar to t he 

corresponding OLS manipulator p lots, especially t he maps with LAURA2 at -15°. 

The similarity of the prediction m a ps between LAURA configurations is explained by the 
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similarity in the corresponding mode shapes when expressed in the SARA base frame, as 

explained in the discussion of t he Impedance Matching results. 

6.3.2 Correlat ions 

The coefficient of determination, r 2 , is a measure of the contribution of a particular map in 

determining the shape of a particular observed performance surface. T he r 2 values for each 

predictive map versus the experimental data are plotted in Figure 6.10. 

T he results in Figure 6.10 closely mimic those seen with t he OLS manipulator and even 

the VS manipulators in Chapter 5. T he Coupling Map is once again a very poor pred ic­

tor of damping performance for both P-PED and Impedance Matching. The Accelerative 

Damping Map and Modal Inertia Map predict the Impedance Matching results very well. 

with r 2 ranging from 0.77 to 0.90. but do not perform uearly as well against P-PED. with 

a peak r 2 of only 0.07. The MIM was slight ly better pred ictor of In1pedance Matching 

performance than the ADM. 
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Figure 6.10: Contribution of CM, ADM, and MIM towards Predicting tile P-PED and IM 
Damping Performance 0 11 the LAURA-SARA Manipulator 

6.4 Summary 

T he P-PED damping performance for the LAURA-SARA manipulator was much worse t han 

what would be expected from the OLS manipulator simulation results. Three potent ial 

reasons were given: 

• relatively poor condition of LAU RA stiffness matrix; 

• limitations of Guyan reduction procedure; 

• limita tions of the stiffness matrix diagonaliza tion procedure. 

Evidence in the form of additional experiments at special SARA configurations supported the 

first explanation. Although the other two could not be refuted , they were both necessary 

to implement P-PED experimentally. 

T he damping performance of the Impedance Ma tchiug algorithm was considerably better 

t han the con esponcling P-PED performance. with nearly identical results for both LAURA 

configurations. Furthermore. the surfaces of meas ured performance were comparable both in 

shape and magnitude to the OLS manipulator simulation results. A significant difference was 

that the central pla teau seen in the O1s surface was missing from the LAU RA-SARA results. 

This difference was explained by the observat ion t hat the dominant modal frequency of 
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the LAURA-SARA manipulator changed little when IM compliance was introduced to SARA. 

whereas the change was significant with the OLS manipulator. 

As was the case with the simulation results in Chapter 5. the Modal Iner t ia Map was 

the best predictor of IM damping performance, with the Accelerative Damping Map close 

behind. Neither predicted the P-PED clamping performance well. T he Coupliug Map wa-S 

again a poor predictor of either P-PED or IM clamping performance. 



93 

Chapter 7 

Conclusions 

T here were two primary objectives to this research. The first was to develop and imple­

ment methods of actively damping macro-manipulator vibrations using a distal encl micro­

manipulator. and the second to determine the optimal micro-manipulator configurations 

for this active damping. In the following pages, the procedure and theory required to meet 

these objectives, and the simulation and experimental results arc summarir.ed . 

Macro-micro manipulators and their practical advantages were introduced m Chap­

ter l. These manipulators evolved out of the need for lightweight manipulators with a 

large works pace and accm ate end-effector control. The small. rigid micro-manipulator 

performs the required tasks after being deployed to a work site by the large, flexible macro­

rnanipulator. Residual macro-manipulator vibrations after deployment can be rapidly dis­

sipated by t he micro-manipulator if an appropriate active damping strategy is used anrl the 

micro-manipulator is effectively configmecl. 

A number of published active damping control strategies were summa rized. It was how­

ever noted that t here has been litt le prior research effort towards determining the op t ima,] 

micro-manipulator configurations for active clamping. 

An experimental macro-micro manipulator (the LAURA-SARA manipulator) was devel­

oped specifically to meet the research objectives, and is described in detail in Chapter 2. 

Design details were presented , followed by the development of a numerical model which 
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was validated experimentally in the frequency dornain. The average frequency errors for 

the first two modes based on the numerical model were under 8%. The suspected cause or 

the frequency errors was unmodelled compliance. and in particular the cantilevered beam 

assumption used to model the flexible links. 

A description of the LAURA-SARA control system was also given in Chapter 2. Two 

dedicated DSP boards in a host PC perform all control calculations at up to 4000 Hz. The 

host PC handles user interface and data archive duties. A message-based system is used t.o 

coordinate~ the PC and DSP's. 

Two active damping strategies, Pseudo-Passive Energy Dissipation (P-PED) and Impe­

dance Matching (IM) .. were first. introduced in Chapter 3. P-PED was originally developed 

by Torres [21. 23]. but it was extended in th is work for application to a broader range 

of macro-micro manipulators. Torres' iterative root-locus procedure for calculating the P­

PED gains was also replaced by a direct analytical solut ion. The Impedance Matching 

algorithm is an original contribution of this thesis. It does not require significant modelling 

assumptions and is t herefore simple to implement 011 real manipulators. 

Doth the P-PED a.nd IM methods produce full micro-manipulator proportional and 

derivative gain matrices. However, when the methods were implemented experimentally, 

SARA was unstable when controlled with these full matrices. As suggested by Torres, the 

off-diagonal elements of the P-PED gain matrices were simply dropped. An alternative 

development of the Impedance Matching algorithm. which led to diagonal gain matrices. 

was introduced. 

Three tools for predicting the opt imal micro-manipulator configurations for active damp­

ing were introduced in Chapter 4. The first, the Coupling Map. was originally devised for 

path-planning [21, 22], and is based on momentum conservation. Unfor tunately, many of the 

original assumptions which were valid for path-planning were problematic for active clamp­

ing. T he Accelerative Damping Map was the seco11d tool and is an origiual contribution. 

It was developed specifically for pred icting active clamping performance and is calc11latecl 
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from t he macro-manipulator tip wrench applied when the micro-manipulator joints accel­

erate frorn rest. Another original contribut ion. t he Modal Inertia Map was also developed 

ac; a prediction tool. Its basis is the degree to which dominant mode macro-manip ulator 

vibrations excite micro-manipulator joint motions. 

Simulation results on four very simple (VS) manipulators and a simplified version of 

t he LAUR A-SARA manipulator (the OLS manipulator ) were presented in Chapter 5. The 

damping performance using Impedance Matching was much bet ter t han that 11sing P-PED 

on the VS manipulators. The da mping performance from the two methods was comparable 

on the O LS manipulator. 

An interesting feature in the Impedance Matching results for the OLS manipulator and 

one of the VS manipulators was a region of truncated performa nce near the stra ight-out 

micro-manipulator configuration. It was hypothesized that online adjus tments of the micro­

manipulator gaiu matrices would lead to improved IM da mping performance in t his region. 

T hroughou t the s imulation results, the Coupling Map was a very poor predictor of 

damping performance. The Accelerative Damping Map and Modal Iner t ia Map yielded 

very similar predictions. which also correla ted well wit h the observed damping performance 

usiug Impedance Matching. 

Calculation of the Moda.l Iner tia Map requires accurate knowledge of the domina nt mode 

shape. Unlikr the dominant modal frequency discussed above, the dominant mode shape 

was shown to change lit tle wheu joint compliance was introduced to the micro-ma nip ulator. 

T he Modal Inrrt ia Map should t herefore be valid regardless of the choice of act ive damping 

gain matrices. 

Finally. experimental results on the complete LAURA-SARA manipulator were presented 

in Chapter 6. Compared to the O LS manipulator , P-PED performed very poorly on t he 

LAURA-SARA manipulator. T his was a t tributed to implementation differences, particularly 

in the treatment of stiff macro-manipulator directions. The experimental Impedance Match­

ing results were significantly better than the experimental P-PED results. Also. t he trun-
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cated performance region seen in the OLS manipulator simulation results was uot present 

in the experimental results. 

The Modal Inertia Map and Accelerative Damping Map were again s imilar in shape 

to each other and to t he Impedance Matching results. None of t he maps predicted the 

P-PED damping performance well, and the Coupling Map was a lso a poor predictor of t he 

Impedance Matching results. 

Overall. Impedance Matching was found to be much s impler to implement on a phys­

ical manipulator t han P-PED, and also generally yielded superior damping performance. 

Both the Accelerative Damping Map and the Modal Iuer tia Map effectively predict the rel­

ative damping performance over t he range of micro-manipulator configurations. Either can 

be used to determine the nominal micro-manipulator configurations at which Impedance 

Match ing should be employed. 

Better Impedance Matching performance may be obtained through further research. In 

particular. the effect of differeut micro-manipulator damping ratios. ( . and of adjusting 

the ·tuned· micro-manipulator frequencies online should be investigated. It would also be 

informative to compare some of the other active damping strategies out lined in Chapter 1 

both to each other and to the CM, ADM, and MIM pred ictions. 
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A ppendix B 

Optimal Gains for 

Mass-Spring-Damper Systems 

B.1 Introduction 

An essential part of the derivation of P-PED is determining the optimal spring and damper 

gains. /,;7• and Cr - for a simple mass-spring-damper system. The complete manipulator for 

which P-PED gains need to be fou11d is represented as a combination of these simple systems. 

The optimum spri11g and damper gains are defined as t hose which ··maximize the clamp­

ing of t he system dominant poles·,! . Put another way, the objective is to maximize t he 

clamping of the least damped pole. If the two poles of the two-DOF mass-spring-damper 

system arc uniqne, one of them will dominate the system response. It therefore stands to 

reason that the objective can be achieved by choosing gains such t hat the poles are identical. 

Ideally the poles will lie on t he real axis (critical damping) , but it will be show11 t hat this 

is not always possible. 

1.\ligucl A. Torres. SteYen Dubowsky, and Attilio C. Pisoni. \ ' ibrat ion Control of Deployment Structures· 
Long-Read1 Space .\lauipulators: The P-PED .\lethod. In Proc. IEEE International Conference on Robotics 
and Atttomation, pages 2498-250-l. April 1996 
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B.2 System Definition 

In state-space form. the unforced dynamics of the mass-spring-dampers are represented by 

the homogeneous differential equation 

x = Ax, (B.l) 

where x = [Yb·Yr ·Yb·Yrf and A is the system matrix given by 

0 0 l 0 

0 0 0 1 
A = (B.2) 

_.Eli._ k 0 _..£r:.. _.!!.£... 

m b mb n ib 

.!£i,__ -(_&_+_&_) 0 (.£c._+..£r:..) 
m b 1nb m r m b m r 

It is noted that Yr is t he relative displacement of mr with respect to mb. 

The pole locations are defined by the characteristic equation, IA - s11 = 0. After 

expanding the determinant, t he characteristic equation is: 

(B.3) 

B.3 Optimum Gains 

It. was stated in the int roduction that the optimum gains . kr and Cr, will resu lt in repeated 

poles. T he characteristic eq uation will therefore have t he form (s - at)2 (s - a 2 ) 2 = 0. which 

expamh, to 

where a 1 and a 2 are the repeated pole locations. If the system is under-clamped or critically 

damped. a2 is the complex conjugate of a1 . For an over-damped system. both a 1 and a 2 
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lie on the real axis. 

Four equations in the four unknowns <it, <72 1 kr, and Cr arc obtained by equating the 

polynomial coefficients iu equations (B.3) and (B.4) . Additiona l constraint t hat. the real 

parts of <it and <72 be negative arc also required to guarantee a unique. stable solution. 

After some a lgebraic manipulation , t he resulting pole locations are: 

(B.5) 

(B.6) 

It is interesting to note that both mass-spring-damper modes arc crit ically damped when 

mr = 4mb. When mr < 4mb , the modes are under-damped. and when mr > 4mb. t he 

modes are over-cl amped. 

Equat ions (I3.5) and (B.6) are now used to solve for t he opt imal spring and damper 

gains: 

(B.7) 

(B.8) 

T he gains calculated with equa tions (B.7) and (B.8) arc identical to t hose found with 

t he original iterative root-locus procedme defined by Torres. 
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Appendix C 

Guyan Reduction 

The simplified models on which the Coupling Map and Pseudo-Passive Energy Dissipa­

tion (P-PED) are based do not match the physical realities of some of the manipulators 

investigated in this work. Guyan reduction 1 was used as a standard method of reducing 

the dynamics equations of these manipulators into the framework of the simplified models. 

The Guyan reduction equations are developed in this appendix, and some results for the 

LAURA-SARA manipulator are given. 

C .1 Theoretical Development 

C .1.1 Stat ics 

In the static analysis of a structure or mechanism, considerable compu tational effort. can 

be saved by considering only degrees of freedom on which external forces act. Consider an 

arbitrary structure with statics defined by 

f = K x , (C.l) 

1 Robert J. Guyan. Reduction of Stiffness and '.\ lass ;\lat rices. A I A A Journal 3(2) :380, 196'1. 
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where f = [f r. f ff . x = [x r. x fjT . and 

K = [ K o.a K o.bl 
T K o.b K bb 

(C.2) 

The coordinates are part itioned such that those with subscript a are not subjected to any 

external forces. that is f a = 0. The forces fb can t hus be solved for as functions only of 

the deflections x b: 

(C.3) 

where 

(C.4) 

is t he reduced stiffness matrix . No approximations or simplifying assumptions were required , 

so that the results of equation (C.3) exactly match those of equation (C.l). 

C.1.2 Dynamics 

For a dynamic analysis. t he mass matrix must be simultaneous ly reduced. Consider eq11a­

tion (C.l) with f a = 0. The dcficctions of the free degrees of freedom , Xa, can be found as 

function of the forced degrees of freedom. x b: 

(C.5) 

Equation (C.5) yields a coordinate t ransformation between the complete system coordinates, 

x , and the reduced system coordinates, x b, for the static case: 

(C.6) 
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where 

(C.7) 

is the Guyan transformation matrix. 

Potential and kinetic energy considerations are now used to derive the reduced matrices. 

In tl10 following. M is the complete mass matrix: 

kinetic energy: 

potential energy: 

T = 

= ½x &r(T EMTc)i & 

½x /'(M b)i b 

U = ½x T K x 

l T T 
2x b (T 0 KTc )x b 

(C.8) 

where M b = T '[;MTc is the Guyan reduced mass matrix, and K b = T '£: K T c is the 

Guyan reduced stiffness matrix. Aft.er multiplication. M b and K b are written as: 

(C.9) 

(C.10) 

It is noted that the above equation for K b is identical to equation (C.4), which was derived 

from statics alone. 

C.2 LAURA- SAR A Results 

The first and second modal frequencies of the LAURA- SARA ma.nipulator for the exact and 

Guyan reduced systems arc investigated here. The frequencies are calculated with SARA 

locked at many different configurations defined by the angles of the SARA shoulder ancl 

elbow joints. 0s1 and 0s2- These results are applicable to the Coupling Map calculations. 
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Figure C.l: First Modal Frequencies for Exact and R educed Systems with 0t2 = 0° 
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Figure C.2: First Modal Frequencies for Exact and R educed Systems with 0L2 = 45° 

For P-PED. only the micro-ma nipulator base is included in the Guyan reduction procedure. 

C .2.1 First Modal Frequency 

The plots in Figure C.l show the first modal frequency for the LAURA-SARA manipulator 

using t he exact and reduced dynamics with LAURA2 at 0° . The frequencies are nearly iden­

tical. a lthough t he reduced system frequencies slightly over-estimate the exact frequencies. 
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Figure C.3: Second Modal Frequencies for Exact and Reduced Systems with 01.,2 = 0° 

The maximum fractional error is only 0.04%. 

The results with LAURA2 at 45°. which are plotted in Figure C.2, are very similar. Again 

the reduced system frequencies over-estimate the exact frequencies by a tiny amount. T he 

maximum error is 0.02%. 

C.2.2 Second Modal Frequen cy 

Figures C.3 and C.4 show the second modal frequencies for the exact and reduced systems 

with 0u = 0° and 01, 2 = 45° respectively. The maximum error in the latter is only 0.16%, 

but in t he former t he errors are consistently quite large between 14% and 23%. 

Investigation has shown that Guyan reduction breaks down for the second mode i11 the 

vicinity of 0t2 = 0°. where LAURA is axially rigid. This is demonstrated in F igure C.5 which 

shows a plot of the sccon<l modal frequency calculated over a range of 01;2 angles, all with 

0s1 = 0s2 = 0° . It is noted that the error is very large near 0L2 = 0°. but rapidly drops as 

l0r,2I increases. 
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