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Abstract

Cable Driven Robots: Hysteretic Cable Stretch, Cable-Pulley Network Friction, Fatigue
Life, and Kinematics of Two-Arm Multi Staged Flexible Manipulator

Muneaki Miyasaka

Chair of the Supervisory Committee:
Professor Blake Hannaford
Department of Electrical Engineering

Cable driven mechanisms face control challenges associated with hysteretic response of cable
and dynamic friction from guide pulleys due to variable cable tension. In this thesis, a
new dynamic models of cable driven mechanism, cable-pulley network friction and hysteretic
stretch of longitudinally loaded cable, are developed in order to improve control accuracy and
robustness. Moreover, fatigue life of cable is investigated and a prediction model is presented
which can ensure safe operation of the robot. The specifications used for the experimental
setups for the model development are based on the RAVEN II cable driven surgical robot
and the model verification was performed using the same system.

This thesis also presents the kinematics of the Roboscope, surgical robot for skullbase
surgery and neurosurgery. The system has two-arm flexible cable driven manipulator which
faces coupling effect. Detailed kinematics the system with the coupling effect is developed

and analyzed.
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Chapter 1
GUIDE TO THIS THESIS

The main theme of this thesis is "cable” or ”wire rope” used for actuation in robotics
field. The goal of chapter 2, 3, and 4 is to improve the position accuracy of cable driven
robots by developing a detailed dynamic model. In chapter 2, friction at cable guide pulley is
investigated. Cable tension changes during operation of cable driven robots and the friction
at each pulley fluctuates because of that. This subsequently affects the robot’s dynamics.
Chapter 3 inquires the response of the cable to the strain applied. Cable consists of a bundle
of strands and wires. Due to the inter strand and wire movement, the response of the cable
becomes complex. The models developed in chapters 2 and 3 are applied to the RAVEN II
cable-driven surgical robot and the performance was evaluated in chapter 4.

Fatigue of the cable is another problem of the cable driven mechanisms. Chapter 5
investigates the fatigue life of the cable due to bending over the sheave. This type of fatigue
is significant especially robot with light payload such as the RAVEN II. By predicting the
fatigue life of the cable, cable can be replaced before failure and the robot can be operated
safely.

Roboscope is a surgical robot designed for skullbase surgery and neuro-surgery which
has cable-driven, flexible, multi-staged joints. Because of the structure, the Roboscope
experiences strong coupling effect. In chapter 6, detailed derivation of the kinematics together
with the coupling effect is presented.

Even though the platforms we employ and analysis we perform are based on surgical
robots, this study could be extended to any other cable driven mechanisms if they have the

similar specifications presented.



Chapter 2

CABLE-PULLEY NETWORK FRICTION
2.1 Introduction

Robotic surgery has become an increasingly popular alternative to traditional minimally-
invasive surgery. FDA-approved systems such as the da Vinci surgical system (Intuitive
Surgical, Inc.) have been used for well over a decade, and provide advantages such as the
ability to scale motions, eliminate physiologic tremors, and improve dexterity [43].

Since minimally-invasive surgery requires a long and thin tool to be inserted into the
patient’s body, surgical robots are primarily cable driven systems. Generally, cables used
for surgical robots have a diameter of less than a few millimeters and consist of multiple
strands helically surrounding a center core strand. When the cable is under stress, it exhibits
unique and complex behavior due to its structure. Townsend [79] investigated input and
output relations of tension element drives (e.g. cable, belt) and analyzed efficiencies based
on thermodynamic principles. Also, autonomous surgical robotics has recently been the
focus of research [34] [50], and [33]. However, control systems for cable driven robots with
sufficient accuracy for medical automation have not yet been developed.

The eventual goal of our research is to improve the performance of control by accurately
defining a dynamic model of the system that takes into account cable stretch and friction.
Our application is to achieve better position control of the RAVEN II Surgical Robotic
Research Platform (Fig. 2.1) [29]. Developed by the University of Washington’s BioRobotics
Lab, the RAVEN II has a workspace with three joints (two rotational and one prismatic)
and a four Degree of Freedom (DOF) tool head, totaling seven cable drives. The cable to
transmit motor torque to each joint traverses multiple pulleys of three different diameters.

Currently, control of each joint is based on an encoder and motor fixed on the proximal end



of the cable. Therefore, accurate position and force control of the robot is susceptible to
position errors between the motor and joint due to cable stretch, and force errors due to
cable-pulley friction.

The contribution of this chapter is the development of a cable-pulley interaction model
of Coulomb and viscous friction based on experimental measurements. The model and the
experimental procedures can be applied to cable-driven systems with structure, tension, load,

and cable and pulley parameters similar to the RAVEN II.

Figure 2.1: The RAVEN II Surgical Robot is the target system in this research.

2.2 Cable Related Force Model

Ramadurai et al. [65] developed a dynamic model of the RAVEN II for the purpose of
simulation. The model associated with cable stretch consists of an exponential spring and
linear dashpot system with constant parameters. The pulley friction is combined with motor
friction and treated as a force with constant parameters. In [40], Kosari et al. used a similar

cable force model for a single DOF RAVEN mock-up system to identify model parameters.



Each parameter was dynamically adjusted and estimated using position feedback from an

encoder mounted on a joint with the use of an Unscented Kalman Filter.

When a cable is in motion under tension, ideal pulleys rotate without slip at the cable
and pulley interface. As pulleys rotate, the frictional force at the pulley bearing disturbs
the motion, causing frictional loads on the cable. Because tension varies when linkages
are actuated and it changes the load on the pulley bearing, friction due to cable-pulley
interaction should be a function of tension. Also, internal motion of cables exhibits internal
damping with hysteresis behavior. There are a number of studies dedicated to modeling
the behavior of cables under load, both static and dynamic, but most focus on models
of bending, lateral vibration, or large-diameter cables and they are not directly applicable
for surgical robot systems. Spak et al. summarizes established and recently developed
modeling methods of helically twisted cable and categorized the internal damping models
based on their mechanisms, the inter-wire friction, variable bending stiffness, and material
internal friction [77]. One of the related studies discussed is [71] in which Sauter uses a
Masing model [53] to capture dynamic behavior of stockbridge dampers. Alternate hysteritic
models include the Bouc-Wen hysteresis model [85] which is used to describe a wide range
of systems that show hysteresis characteristics and is investigated for modeling a wire rope
spring in [61]. A detailed model of hysteretic force is out of the scope of this chapter but in
general, hysteretic forces are modeled as a function of displacement, velocity, and a hysteretic

variable.

Based on the existing literature [65], [40], [76] and an analysis of the structure of the
robot, the force on the pulling side of a cable (Fpyying) can be modeled with cable hysteretic
force (Fj), cable damping (Fy), and cable-pulley friction (F),). Hysteretic force is defined as
a function of the difference in the joint side and motor side displacement (Ax) and velocity
(Az) and the hysteretic variable (z), while cable-pulley friction is defined as a function of
tension (77) as well as three possible variables: cable velocity (&), number of pulleys (n,),

and wrap angle (6,,).



FPulling = Fh[AiL', Ax, Z] + Fd[AJZ’] + Fp[T, l", np, ew] (21)

Eytelwein’s formula relates the drop in the tension of flexible element which is wound
around a cylindrical object such as pulley and capstan. The equation is a function of the
warp angle. However, the actual change in cable tension across pulley is related to the pulley
bearing friction since that is where the slippage occurs. Therefore, Eytelwen’s fomula is not
applicable. Friction coefficient of sliding bearing can be calculated using Petroff equation.
However, according to the the experimental results from Lee et al. [46], the equation is not
valid for surgical robot instruments with cable pulley structure. They found out the friction
proportionally increases as the cable’s pretension increases. Yu et al. [91] also experimentally
measured the force transmitted by cable for a cable driven surgical robot instrument with
idler pulleys and the model was obtained from a curve fitting method. However, both work
do not explicitly present a model of cable pulley friction. Kraus et al. [41] modeled force
transmitted by cable running through multiple guide pulleys using Dahl and Coulomb friction
models but the model requires force sensor measurements near the winches.

Since no generalized model currently exist, cable/pulley network friction needs to be
developed based on a generic friction model. A friction model generally consists of four
terms; Coulomb, viscous, stiction, and Stribeck friction [62]. Coulomb friction is the constant
frictional force whose sign is determined by the direction of motion. Viscous friction is the
linear increase of friction as a function of velocity. Stiction or stick-slip friction is the frictional
force at rest and its highest value is typically greater than the magnitude of Coulomb friction.
Stribeck term is the non-linear change of friction at low velocity regime. The friction drops
from the highest stiction value toward the Coulomb friction as velocity increases due to
presence of lubrication film. Moreover, friction becomes complex when velocity is zero, called
pre-sliding friction dynamics, where friction shows backlash or hysteresis response. However,
we will ignore the pre-sliding friction because pre-sliding occurs when the displacement is
very small (in the range of micro meter) and has negligible effect to the entire robot dynamics.

The pulleys we use consist of rolling-element bearings which can be considered to have no



stiction [16] and it consequently indicates Stribeck friction can also be omitted from the

model. Hence, the cable-pulley friction (F,) is written as

F, = fe[T,ny, Oy]sign(z) + folT, ny, 0] (2.2)

where f. and f, are Coulomb and viscous friction from cable-pulley interaction, respectively,
and 7 is the velocity of the running cable. In this work, we focus on determining the model

of the cable-pulley friction (2.2) based on experimentally measured data.

2.3 Identification of Cable-Pulley Friction Model

The range of cable tension and cable velocity for the experiment was determined based on
measurements of the actual tensions and velocities observed in use of the RAVEN II. Cable
tension ranges up to 33 N and velocities peak at 12 m/s. While the absolute maximum value
of observed velocity is 12 m/s, this is very rare and thus the upper limit of cable velocity
for the experiments was set to the empirical RMS value of 1.3 m/s. The cable and pulleys
used in this experiment are the same as those used in the construction of the RAVEN II.
The cable is pre-stretched and it is assumed creep does not occur. Also, it is assumed there
is no slip at the cable and pulley interface because slippage generally occurs when operation
velocity is high. The cable is made out of type 304 stainless steel and has a construction of
7 twisted strands of 19 individual wires, a diameter of 0.61 mm, and breaking strength of
311 N. Material of the pulley is 6061 aluminum with hard anodized finish and the sheave
diameters are 7.6 mm (small), 15.64 mm (medium), and 22.9 mm (large) (Fig. 2.2). The
pulley bearings have dynamic and static load ratings of 29.03 N and 9.07 N for the small
pulleys and 36.74 N and 13.15 N for medium and large pulleys.

The RAVEN II uses up to 13 small, 10 medium, and 2 large pulleys per cable run.
The individual wrap angle (,,;) is 30°-180° for small and medium pulleys with the average
individual wrap angles (6y,;q) of 70° and 75° respectively and for large pulley, both 6,,;

and 0y, 4, are 180°. However, during the experiment we used up to 19 pulleys and extended



uniform 6,,; and 0,,; 4, ranges of 15°-180° and 45°-150° for all pulleys in order to compare

them side by side and investigate their behavior in depth.

300
T
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Figure 2.2: Small, medium, and large pulleys (from left to right) used for the RAVEN II.

2.3.1 Motor Driven System
Setup

We constructed the test setup shown in Fig. 2.3 to test how cable velocity correlates to
pulley friction. In order to eliminate the dynamic force and exclusively investigate the viscous
friction of the test pulleys, the cable was driven at constant speed. The cable running through
an array of pulleys was fixed at a capstan mounted on a motor and the cable tension was
kept with a mass hung at the other end of the cable. The system uses a PID controller to run
the cable at a targeted constant velocity. The motor and servo amplifier used are a Maxon
RE 30 brushed motor and an AMC Z12A8, the same as the ones used for the RAVEN II
system. For I/O, an Arduino Mega 2560 chip was employed. The Arduino provides control
signals to the motor via servo amplifier and acquires motor current for analysis. Motor

current was converted to torque based on the motor specification which was assumed to be



accurate. Motor friction at each constant speed was measured and subtracted to obtain just
the cable-pulley friction. The software runs roughly at 5 kHz and is capable of generating

and measuring cable velocity of 7 m/s and cable tension of 48 N.

Test Pulleys

Signal Filters ¢ Arduino Microcontroller

Figure 2.3: Motor driven pulley board. The motor (right side) moves cable through the
pulleys and tension is set by weight (left side).

Measurements and Results

In order to test dependency of each variable on the cable-pulley viscous friction at a time, we
plotted the cable-pulley friction as a function of one variable while holding other variables
as constants.

We first collected data for 9 medium-size test pulleys, keeping 6., ; 4, 0f 85°, while applying
various constant tensions. Since tension is not consistent throughout the cable due to the
friction at each pulley, we defined a nominal tension as the average of capstan side tension
and mass side tension. The results are summarized in Fig. 2.4. The data contain some noise

when reading the motor current and determining the cable-pulley friction and it is amplified



for the larger tension. The plot shows that data are scattered around the mean without

trend of friction force being a linear function of cable velocity.

2 .
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Figure 2.4: Cable-pulley friction against cable velocity for a setup with 9 medium pulleys
and 6, ;. = 85° at five different tensions.

Likewise, the data for the small and large pulleys were collected for three different tensions
each and results are plotted in Fig. 2.5. All data points are around the mean and do not
exhibit definite increasing trend as tension varies for both small and large pulleys. Hence, it
can be concluded that viscous friction is not a function of cable tension.

Next, 0,4 was changed to 50° and 135° while keeping the number of the pulley the
same (Fig. 2.6). To keep the tension constant, 1.5 kg mass was applied and the nominal
tensions are calculated to be 15.8, 15.1, and 15.0 N for small, medium, and large pulley
respectively. These tensions are also used in Fig. 2.4 and 2.5 so that the results for 0,,; 4, =
85° can be comparable. The results indicate that there is no dependency of the wrap angle
on the viscous friction.

We then employed 5 and 15 pulleys with 6, ., of 85° and took measurements for the

same tension used in the previous plot (Fig. 2.7). Including the results for 9 pulleys from
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Figure 2.5: Cable-pulley friction against cable velocity for setups with 9 small and large
pulleys at three different tensions. 6,,; 4, is roughly 85° for both pulleys.

Fig. 2.4 and 2.5, change in the frictional force as a function of velocity is not observed from
the results with different number of pulley. Now that we are not able to observe the linear
increase of cable-pulley friction as the cable velocity increases in all the experiments, it is
concluded that the viscous term can be excluded from cable-pulley friction for all pulley

sizes.

2.3.2  Gravity Driven System
Setup

Coulomb friction due to cable-pulley interaction was measured using a gravity driven setup
(Fig. 8) with a model fitting method. Due to absence of the motor and noise associated with
it, the measured value was considered to be more accurate than the motor driven system.

The system measures linear displacement of cable from angular displacement measured by



11

x Small pulley (T = 15.8N) x Small pulley (T = 15.8N)
e Medium pulley (T = 15.1 N) e Medium pulley (T=15.1 N)
a Large pulley (T=15.0N) 4 large pulley (T=15.0N)
Horizontal lines: Mean for each pulley Horizontal lines: Mean for each pulley
2.5 2.5
®o_® %
_._5<_._X._.z._x_.g(._.z._.x_._x_ _'_X_'&'_'_'_'_';'_'% ''''' M=
2 2
1.5 1.5
z z
o o
[* 8 (T8
1 1
__'_‘_.__-__.___._ .- Lo—g--2.-. ._._Q_..._.._._.._.!._
0.5 _._.‘_..‘._.A._‘.‘_._A._.*._L._‘_ 0.5 _._A_.J._.:._‘_.I._.‘_._‘_.A._
0 0
0 0.5 1 15 0 0.5 1 1.5
Cable Velocity [m/s] Cable Velocity [m/s]
(a) Qw,“w = 50° (b) wamv = 135°

Figure 2.6: Cable-pulley friction against cable velocity for setups with 9 small, medium and
large pulleys respectively when 6,,; ., = (2)50° and (b)135°.

magnets placed radially on a pulley which pass by a Hall Effect sensor. Tension was dictated
by identical loads on the ends of the cable. Motion was induced by a weight added to one
side of the cable. An Arduino Uno chip was used for I/O, which enable sufficiently accurate
measurement of the displacement of each mass by means of the Hall effect sensor on either
end. The effective distance between the magnets was 9.8 mm. A time differential of the Hall
effect data was used to estimate cable velocity at either end. To ensure the assumption of
high stiffness in the cable, Hall Effect sensors were embedded on both ends of the setup and

only the trials where the displacement graphs were identical were used.

Model

The system can be modeled as shown in Fig. 2.9 and with a mathematical expression in

state space form in (3), which includes the cable stiffness, damping, and cable-pulley friction
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Figure 2.7: Cable-pulley friction against cable velocity for setups with (a)5 and (b)15 small,
medium and large pulleys.

terms. Since the cable translates only in one direction and force applied on the cable is
consistent, there is no effect of hysteresis, and the stiffness and damping forces used here
are simply linear to the displacement and velocity, respectively, and are represented in the

model by £ and b. The gravitational constant is represented by g.

1 0 1 0 0 1 0
fu fu
.. —k —b—" k b—Liv . A
Bl S w e | B e § 23)
T 0 0 0 1 9 0
fo fo
7 I e e B e — L=
_332_ | m2 ma mo mo _:CQ_ | mag 2 |

The model is numerically solved using 4th order Runge Kutta method. In order to search
for parameters that lead to the best correlation, a least square method is used and from the

average of several trials, parameters which result in the highest correlations are calculated.
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Magnets and Hall Effect Sensors

Test Pulleys

Figure 2.8: Gravity driven pulley board. Pulleys instrumented with magnets and Hall Effect
sensors which are connected to Arduino microcontroller at the back of the board.

xc,Z __|j_ xc,l
T _j\/\/\F !
k
X,
2 T @/ —_‘L Xeq
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Figure 2.9: Schematic model of the gravity driven pulley board.

For most of the trials, data show very high correlation, often with an R? value of more than
0.95. The model can be simplified as in Fig. 2.10 and (4) due to the fact that the tension
is held nearly constant because the masses applied are very similar and are given initial
conditions so that the cable does not vibrate and the effect of cable stiffness and damping
becomes negligible. This was confirmed by fitting the models in (3) and (4) to the data
obtained from the pulley setup with 9 medium pulleys and 6,4, of 85° at nominal cable

tension of 15.5 N. The value for f. for the two different model formulations of equations (3)



and (4) are identified to be 0.816

14

and 0.818 N respectively. The plots of those models as well

as the experimental data are shown in Fig. 2.11.
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Figure 2.10: Simplified s

chematic model of the gravity driven pulley board.
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Figure 2.11: Comparison of original and simplified models of the gravity driven pulley board

with experimental data.

x

P

0 1 T 0 (2 4)
0 —__fo | (ma—ma)g—fe '
mi+mo mi+msa

Furthermore, since the pulley friction is not a function of cable velocity per the previous
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section, the pulley friction simply becomes Coulomb friction, and the model can be reduced
to (5). This series of simplifications is just for the purpose of Coulomb friction identification

and is not for characterizing the dynamics of cable driven systems.

T 0 1| |z 0
_ (2.5)
i 0 0 T (mlfﬂf)g*fc

Measurements and results

First, 0,4 was set to be a constant value. Here, 0,,; ., can be any constant as long as it is
within the range of interest. We selected a value of 85° and tested the effect of tension for
the f. value by conducting trials with system configurations consisting of 5, 9, 15, and 19
pulleys to simultaneously test if f. could be a function of number of pulleys in the system.

For each pulley size f, is plotted individually as a function of tension (Fig. 2.12). Each
line in the plot represents data for a board setup with a different number of pulleys. Without
exception, f. linearly correlates with cable tension with R? more than 0.99 and the slope
and y-intercept become larger as the number of pulleys increases.

From this observation, the slope or df./0T when 6,,; ., = 85° is plotted with respect to
number of pulley in Fig. 2.13 as well as the y-intercepts (values of f. when 6,,; ., = 85° and

T =0). As a result, we identified

afc(ew,i,av = 850)

5T = ciny, (2.6)
fc(Hw,i,av = 850, T = O) = CaTyp (27)

Integrating (6) with respect to T yields
fc(ew,i,av = 85O> = np(clT + Cg) (28)

The values of ¢; and ¢, are summarized in Table 2.1.
We then investigated how 0,,; ., affects to f.. To begin with, f, is plotted against 0y, qv

with combinations of three different tensions and three number of pulleys, showing total of
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Figure 2.12: f, (04 = 85°) against tension for small, medium, and large pulley (from left
to right). Each line indicates the linear fit to the data for 5, 9, 15, and 19 pulleys respectively.

9 data sets for each pulley size (Fig. 2.14). Most of the data sets demonstrate high linearity
and the slopes 0f./00,,; «» appear to increase for higher tension and more pulleys. Acting on
that trend, 0f./00. ;. Was plotted with respect to n, (Fig. 2.15). Then, as linear functions
represent the trends of data points with high correlation, the slopes 9%f. /(004 .av0n,) are
plotted as a function of tension (Fig. 2.16).

From the trend lines in Fig. 2.16, we obtained

02 f.
_ — T 2.9
aew,i,(wanp = ( )
and the trend lines in Fig. 2.15 give
9fe(np = 0)
=0 2.10
aew,i,av ( )

Then, integration of (2.9) with respect to n, results
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Figure 2.13: (a) Partial derivative of f, (044 = 85°) with respect to tension and (b) f.
(Owiaw = 85°, T = 0) against number of pulley. Linear trend lines for each pulley size are
shown.
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By integrating with respect to 6y, 0, (2.11) becomes

=c3T'n, (2.11)

fc = C3Tnp‘9w,i,a/u + f(np; T) (212)

where f(n,,T") is the constant of integration which is a function of n, and 7. When 0, ; 4, =

85°, this equation becomes
fe(Ow,iaw = 85°) = c3n,T85° + f(n,, T) (2.13)
Since (2.13) and (2.8) are equivalent, we get

f(ny, T) =n,(c1T + ¢2) — c3n,T'85° (2.14)
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By substituting (2.14) into (2.12), we obtain the expression of f, as a function of T', 8y, av,

and n, as follows.

fe = np((c1 + €3(Owiaw — 85°))T + 2) (2.15)

In section 2.3.1, we concluded there is no viscous friction and hence (2.2) is written as

F, = fJT,ny,0uaw|sign(z)
= np((c1+3(0wia0—85%))T+c2)sign (i) (2.16)
The values of ¢, ¢o, and c3 for each pulley are summarized in Table 2.1. Note that
(2.16) with coefficients in Table 2.1 is valid under the range of variables we examined in the

experiments which is shown in Table 2.2 with similar cable and pulleys employed for the

RAVEN II system.

Table 2.1: Summary of coefficients

Pulley size  Radius 1 Co C3
[mm]  [unitless]  [N] [1/degree]
Small 3.80 0.0128 0.0261 2.79x107°
Medium 7.82 0.00416  0.0165 1.02x107°
Large 11.45 0.00239  0.0129 0.737x107°

2.4 Discussions

Viscous friction, the dependency of the cable-pulley friction force on magnitude of cable
velocity, was not observed for any of the pulleys and tensions tested. The fact that not

only section 2.3.1 showed the velocity independence, but also the data from section 2.3.2
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Table 2.2: Range of variables in which the model is valid

Variable Range
T up to 1.3 [m/s]
T up to 33 [N]
ny up to 19
O i 15° to 180°

Owiaw  45° to 150°

demonstrated high correlation without viscous friction indicated the viscous term can be
excluded from the cable-pulley friction model. The result might vary if the cable was running
at a much higher velocity, but the range of velocities we studied was in the range of actual

robot operation.

In the case of Coulomb friction, we confirmed that it was a function of T', 0y, ; ., and n,.
When the friction model is solely Coulomb friction, the mean values in the plots of the motor
driven experiment in section 2.3.1 represents f,. and those values should be equivalent to the
results from the gravity driven experiments in section 2.3.2. Indeed, f. values calculated
based on (2.16) were very close to those found in Fig. 2.4 to 2.7 with most within 5% and a
maximum error of about 10%. The error can mainly be associated with the motor current
reading since the signal needs to be filtered out due to presence of high noise which affects
more for the larger load or tension. However, since we derived the model based on the
gravity driven pulley board, the model was not affected by that uncertainty. One related
source of error would be the approximation of tension using the nominal value. Furthermore,
friction can vary depending on the degree of lubrication, wear and oxidation of each pulley

and surrounding conditions such as temperature and humidity.
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2.5 Conclusions

We have determined the cable-pulley friction model as a function of cable tension, average
individual wrap angle, and type and number of pulleys employed. The derived equation
and coefficients can be applied to any cable-driven systems as long as they are operated
within the presented conditions and parameters and use cable and pulleys similar to the
ones employed for the RAVEN II system (e.g. cable: type 304 stainless steel, 7 strand and
19 wire construction, 0.61 mm diameter. pulley: 6061 Aluminum with hard anodized finish,

rolling element bearing).

If the presented cable-pulley friction model is used with an accurate cable stretch model,
the accuracy and robustness of the control can be potentially improved, which is necessary

for automation of surgical tasks. This is under active pursuit.

The proposed model requires the knowledge of the real time cable tension. Although
one can integrate force sensors into systems, it would be costly and complicate the systems.
Another method is to calculate tension from a cable stretch model, but the initial tension
needs to be known. Even though it is possible to measure initial tension using a tension
gauge, measurement has to be taken every time the system is started. However, this step
can be simplified with the cable tension estimation method presented in [40]. Hence, we plan
on implementing the proposed cable pulley friction model with a cable stretch model and

the initial tension estimation technique for the RAVEN II.

The characteristic of stretch and the bending radius are not the same for different cable
types. How cables are constructed (number and diameter of fiber composition) and how
materials (e.g. alloy and grade of steel) behave under certain stretch and bending conditions
makes a difference in the interaction between the cable and pulley. Therefore, the cable-
pulley friction model may depend on the type of the cable and further inspection is required.

The cables used in these experiments were new. As the cable experiences wear and creep
over time and the condition of cable-pulley interaction changes, this could also affect the

friction values. Knowing how the cables react to repeated use and aging could help better
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predict how they respond to future operation, and one could adjust the friction model to

account for this.
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Chapter 3
HYSTERETIC CABLE STRETCH

3.1 Introduction

When actuating cable driven systems such as the RAVEN II surgical robotic research plat-
form [29] consisting of serial links, cable is repeatedly stretched and relaxed longitudinally.
Automation of such systems with high accuracy is not easily achieved due to the compli-
cated response of cable. One approach to improve automation accuracy of such system is
development of better control systems often with feedback of system’s state using external
observation. However, for design and control analysis, development of an accurate model
becomes quite important.

The significance of using a hysteresis model for modeling cable is that it eliminates the dis-
crepancy of cable stretch force between loading and unloading phases which could introduce
control inaccuracy. Moreover, a hysteresis model is able to capture the rate independent
energy loss due to inter-wire sliding friction and plastic deformation of material, and the
information of the energy loss can be used for fatigue life prediction.

Spak et al. [77] review past and recent development of helically twisted cable models
which can be categorized into thin rod models, semicontinuous models, and beam models.
They also investigate three major categories of internal damping mechanisms; damping due
to friction between the individual wires, changes in the cable geometry and properties, and
internal friction within the wires and they are modeled as interwire friction, variable bending
stiffness, and internal damping or hysteretic terms respectively. Sauter [71] uses the Masing
model [53] and modeled the cable as a whole instead of considering the individual wires to
capture hysteretic behavior of stockbridge dampers.

The Bouc-Wen hysteresis model [7] [85], a special form of the Duhem model [19], treats
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the cable from a macro level and is used to describe various non-linear hysteretic systems
because it is capable of generating various shapes of hysteretic loops in analytical form [76].
The Bouc-Wen model has been applied to systems with the hysteresis behaviors such as the
tendon-sheath mechanism and wire rope vibration isolators [17], [60], [72]. Even though those
models are not directly used for the RAVEN II system in which cables are longitudinally

stretched, those researches indicate that the Bouc-Wen model can be applicable.

The contribution of this chapter is development of a longitudinally stretched cable model
consisting of a rate independent hysteresis model and linear damper that can be applied for
control of cable driven mechanisms. The rate independent hysteresis model was developed
based on quasi-static cyclic loading tests in section 3.2 and the rate dependent term was
obtained from longitudinal vibration tests in section 3.3. The hysteresis model parameters

for the cables employed for the RAVEN II system are optimized using the genetic algorithm.

3.2 Clyclic Loading Test

A cyclic loading test was performed in order to obtain the rate independent hysteresis loop.
We plot the results with applied load instead of stress as y-axis because the test result is
unique for the type of cable construction (i.e. number of strands and number of wires in
each strand) and it cannot be generalized based on total cross sectional area. Strain was
used as x-axis since the result can be extended to characterize cables with different lengths.
We employed two sizes of cables, thin and thick, which are actually used in the RAVEN II
system. Both cables consist of 7 twisted strands and each strand is formed by 19 individual
wires made out of type 304 stainless steel. The diameter of thin and thick cables are 0.61 mm
and 1.19 mm and the breaking strengths are approximately 200 N and 1100 N respectively.
All the tested cables were 0.8 m long. The test setup and cable used are shown in Fig. 3.1.
The load applied was decided based on the loading condition for the RAVEN II system which

is roughly up to 160 N.
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Thick Cable

Figure 3.1: Instron cyclic loading test bench and the thin and thick cables used for the
experiments.

3.2.1 Preconditioning

For the initial cyclic loading test, force controlled cycles of 0 to 200 N were applied 25 times
continuously to the samples of fresh cable. This process is necessary for avoiding permanent
stretch that occurs when cables are loaded for the first time. The load was applied slowly at
the rate of 0.15 mm/s (strain rate of 1.875x107%). Fig. 3.2 shows that strain does not return
to where the cycle started and the curve keeps shifting to the right. The amount of the shift
for each cycle becomes smaller as the cable undergoes more cycles and the it is observed to
be converging. The shift is more obvious for the thin cable than thick cable most likely due

to the fact the load applied is close to the breaking strength for the thin cable.

3.2.2  Quasi-Static Hysteresis Loop

The cable was quasi-statically stretched at the rate of 0.05 to 0.1 mm/s (strain rate of
0.625x107* to 1.25x107%) to identify the response that is independent of the magnitude of
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Figure 3.2: Cyclic loading for prestretching. (Force controlled, 25 cycles of 0-200[N])

velocity. The cycle was position controlled and strain cycles of 0 to 3.75x1072, 6.35x1073,
8.75x107% were applied for thin cable and cycles of 0 to 1.25x1073, 2.5x1073, 3.75x1073

were applied for thick cable (Fig. 3.3). The unloading path is always under the loading path

which means energy is dissipated in every cycle.

3.2.3 Proposed Model

The original Bouc-Wen model is modified to make it follow the trend of experimental data.

We propose shape control functions (6.6) which represents a non-linear elastic stiffness and

(6.26) which modulates the symmetric hysteretic loop. When developing a model, only posi-

tive longitudinal stretch is considered because cable becomes slack and cannot be compressed

as negative displacement is applied. Then, the proposed hysteresis model F}, which consists

of 9 parameters is represented as follows.
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Figure 3.3: Hysteresis loops for the thin and thick cables. (Position controlled, applied strain
cycles are 0 to 3.75x1073, 6.35x 1073, 8.75x 1072 for thin cable and cycle of 0 to 1.25x1073,
2.5x1073, 3.75x 1073 for thick cable)

(3.1)
fi(zs(t) + fa(@s(t)2(t)  :as(t) >0
k’gl’s(t)
fi(zs(t) = kywy(t) — Tara()? +1 (3.2)
fo(s(t)) = ks (8)™ (3.3)
2(t) = @4(t) [ — [y + Bsgn(as(t)z(1))] [2(2)]"] (3.4)

where 4(t) is the cable strain and z(t) is the hysteretic variable. Parameters to be identified

are ki, ko, ks, k4, a, 8, 77, m, and n. Since the proposed model is a modified version of the
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Bouc-Wen model, the proposed model should be derivable from the Duhem operator [83]
which possesses the two criteria of hysteresis; rate independence and memory effect. The
Duhem operator forms a Cauchy problem with the output function Fj, with any differentiable

input function z, and any initial value F}.

Fy = gi(xs, Fp)3F — go(ws, Fy)dy
(3.5)

Fu(t = 0) = F?

where &1 := (|&s| +24)/2, 7 = (|&s] — 25)/2, and g (s, F},) and go(z5, F},) are the functions
describing ascending and descending part of the hysteresis loop respectively. This equation
(3.5) only holds for positive time increment in order to assure irreversibility, one of the

important features of hysteresis.
For x4 > 0, differentiating (3.1) with respect to time yields

- k’gi‘s 2k32k3$§[t5

Fp=kz — kama™ &2+ kg™ 3.6
h=ki +k3x§—|—1 (k3x§—|—1)2+ Amay Tz kaal' 2 (3.6)

Here, 2 = dz/dxs &. z and dz/dx are substituted by the equations obtained from rearranging

(3.1) and (3.4) respectively. Then, the proposed equation can be written as

O S ) o

where

]{32 2]€2k3$2
=k = . kama?l'
[ 1+ For2 41 (hea? 4 1) + Rama

1 F - h
f2

We now select g1(xs, F) and go(xs, Fj) as

o1, Fh>=f3+k4az:l@— [wrﬁsgn(F ] )] ) ] (3.8)
Ja fa

g2 (s, Fh):f3+k4fg{a— {y—ﬂsgn<Fh_fl)} F,—fi ] (3.9)
fa fa
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Then,

gi(xs, F) T — go(as, Fp) i, =

sz (B2 B8
+3'S'S |:f3 +/€4l’;n<04 —’y’Fh _ fl >:|
fo
= {f3+k4x?[oz— {v—l—ﬁsgn <$S(F;,2_ fl))]}Fhf: fla }}xs (3.10)

Hence, the proposed model can be represented in a form of the Duhem operator with pre-

scribing functions g;(xs, F),) and go(zs, F,) as in (3.8) and (3.9).

3.2.4  Parameter Identification with Genetic Algorithm

The genetic algorithm (GA) [31] was employed for identification of the parameters of the
proposed hysteresis model. The GA stocastically generates sets of parameters (population)
from a pre-defined solution domain. Each set of parameters (individual) is evaluated based on
a specified fitness function. The more fit individuals are used to form the population for the
next generation based on selection methods such as crossover, mutation, and reproduction.
This process is repeated until the generation reaches a pre-set number or an ideal fitness
value is achieved. Because of its evaluation method, the GA is suitable for identification of
the proposed hysteresis model having a large number of parameters and possibly possessing
multiple local optima. We used the crossover selection method and the evaluation was
continued until a pre-set number of generations were produced. The objective is to find
model parameters which minimize the fitness function defined below.

Ng

Ffitness = Z(Fmodehj - Fexp,j)2 (311)

j=1
where Ny is the total number of data points and j is the index of data point. Fj,,q¢ is the

hysteresis model solved with different input strain cycles and F,,, is the corresponding cyclic

loading test data from experiments. We ran the algorithm several times and selected the
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Table 3.1: Bouc-Wen model coefficients for thin and thick cables

Cable Dia. « 5 Y n m ]{71 k’g k?g k’4
Thin (0.61 mm) 1.13 58.0 193 0.766 0.380 21400 14300 57000 38600
Thick (1.19 mm) 1.80 113 101 0.718 0.460 70100 44000 97000 82000

best fit result. The identified parameters are summarized in Table 3.1. The hysteresis model

with optimized parameters are plotted with the experimental results in Fig. 3.4.
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Figure 3.4: Cable hysteresis model with GA identified parameters vs. experimental data.
Results with three different strain cycles are shown.

3.3 Longitudinal Vibration Test

The motivation of this test is to investigate the dynamic response of the proposed hysteresis
model and further develop the cable model which possibly lacks a rate dependent term. The
setup is shown in Fig. 3.5. Cables were preconditioned by applying cycles of load higher than
the maximum load applied during the vibration test. The guide pole and pulleys were placed

to avoid excitation of non-longitudinal vibration modes. Positions of the guide pulleys were
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adjusted so that their surfaces stay without pressing against the guide pole and minimize
frictional interference. The Keyence 1L-030 and Arduino UNO were used for displacement
measurements and data acquisition. The I1-030 has measurement range of 25 mm and
repeatability of 1 yum. We applied 3.99 kg weight for the thin cable and 19.35 kg for the
thick cable. The weights were chosen so that the vibration amplitude becomes large enough
for consistent data acquisition. To start longitudinal vibration, the weight was lifted up from
the equilibrium position and released with zero initial velocity. The data were collected at

1000 Hz.

N v
Y -
S Guid piers

T Guide Pole

)

Figure 3.5: Longitudinal vibration test setup.

3.3.1 Hysteresis Model vs Non-hysteresis Model

The equation of motion of the system with the hysteresis model is represented in state space

form (3.12). The state variables are x1 = x(t), 2 = &(t), and x3 = 2(t). x(t) is the cable
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stretch and #(¢) is the rate of cable stretch.

jﬁ'l X2
3'5'2 - ﬁ(Mg - Fh(xsla T2, 1'3)) (312)
T3 Teplow — [y + Bsgn(wsors)] |23]"]

where z4; = f—;, Tgo = ’f—j, lo is the free length of the cable, M is the mass of the weight,
g is the gravitational constant. Although the vibration was constrained, the cable still
vibrated laterally. However, only negligibly small longitudinal vibration (less than 1% of the
longitudinal displacement during the experiment) was observed when the cable was plucked
and lateral vibration was introduced. Therefore, the effect of the lateral vibration was
ignored.

For comparison with the hysteresis model, we developed a non-hysteresis model (F},;)
which is the non-linear elastic stiffness term f; 6.6 with different set of parameters ki,

k2,nh7 and kS,nh-

. kQ,nth(t)
kg}nh.fs (t)2 -+ 1

Fun((£)) = kv os (£) (3.13)

The parameters were adjusted by trial and error so that the function passed through the
middle of the loading and unloading paths of the hysteresis loop. The parameters found
were ki ,,=24720, kg,,=19380, and k;3,,=57000 for the thin cable and are k;,,=71500,
ko.nn=55000, and ks3,,=126100 for the thick cables. The state space form of the non-
hysteresis model is in (3.14). All models were solved numerically and the time step size
was set to be roughly 107° [s] in order to reduce numerical error.

- 2 (3.14)
T (Mg — Fop(1))
The experimental measurements of longitudinal vibration and the hysteresis and non-

hysteresis models for thin and thick cables are shown in Fig. 3.6. The vibration of the
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hysteresis model decays due to hysteretic energy loss whereas the non-hysteresis model ex-
hibits no energy loss as expected. However, both models require additional non-conservative

force models in order to capture the decay of the experimental data.
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Figure 3.6: Hysteresis and non-hysteresis models for thin and thick cables and experimental
data during the longitudinal vibration test.
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3.3.2 A Model with Linear Damper

Linear damper was added to both hysteresis and non-hysteresis models and their coefficients
are denoted cqp and cgpp respectively (3.15, 3.16). The coefficients that minimize root
mean square at peaks and troughs are identified and the values are shown in Table 3.2.
When calculating peak and trough errors, all data are aligned vertically to eliminate bias
from different steady state values. Then, the new equations of motions become (3.12) with
F), replaced by Fpy for the hysteresis model and (3.14) with F},; replaced by Fyp for the

non-hysteresis model.

Frr((t), ds(t), 2(8)) = Fy ((t), (1), 2(£)) +Caniis(t) (3.15)

Fi (25(8), 25(1)) = Fon (25 (1)) +Cam o) (3.16)

Those coefficients found are specifically for 0.8 m long cable. In order to generalize the
coefficient for any length of cable, the relation between the value of coefficient and the cable

length needs to be checked.

Table 3.2: Optimized linear damping coefficients for 0.8 m cables.

Thin cable Thick cable
Cdjh[NS] 7.06 15.72
Cann|N 8] 12.20 38.81

For both cable sizes, longitudinal vibration test results for both hysteresis and non-
hysteresis models with linear damper showed that the lack of energy dissipation is corrected

(Fig. 3.7). Decay of the amplitudes for both models and the experimental data (Fig. 3.8)
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shows that the hysteresis model correlates with the experimental data better. The per-
formances of the models were compared to the experimental data based on three values;
frequency, steady state (SS) stretch, and logarithmic decrement. Logarithmic decrement (6)

is defined as

1
§= —Ip—pk_ (3.17)

Np  Tpk+ny

where n, is the number of successive peaks and x, is the amplitude at kth peak. Here,
we chose k=1 and n, is the number of the total peaks observed during the experiment.
Frequency, SS stretch, and log decrement and each percent error with respect to the exper-
imental data for thin and thick cables are summarized in Table 3.3 and Table 3.4. For the
thin cable, the frequency of the hysteresis model was closer to the experimentally obtained
value but the non-hysteresis model had only 2.5 % error. As for the SS stretch, both models
were very close to the experimental result. The hysteresis model had about 6 % logarithmic
decrement error whereas the non-hysteresis model showed about 30 % error. The thick cable
exhibited 0.3 % SS stretch and logarithmic decrement error was smaller for the hysteresis
model. Although the frequency error for the hysteresis model was larger compared to the
non-hysteresis model, both errors were less than 10 %. The experiments for both cable
sizes showed that the vibration attenuated quickly when the amplitude was large but as the
amplitude became smaller, the rate of attenuation became smaller. This behavior was well

captured by the hysteresis model with linear damper.

3.3.83  FEnergy Dissipation

There are two main mechanisms of energy dissipation when stretching cable; inter-wire sliding
friction and internal material solid friction, and both frictions have components of Coulomb
and viscous friction. The Coulomb portion of inter-wire sliding friction and internal solid
friction is included in the hysteresis term and the viscous portion is represented by the linear

damping term. Energy dissipation due to non-conservative linear damping force is simply
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Figure 3.7: Hysteresis and non-hysteresis models with linear damper for thin and thick cables
and experimental data during the longitudinal vibration test.

integration of the force over the distance the force is applied.

Zend

Tstart

where Fy is cq @ for the hysteresis model and c4,,,% for the non-hysteresis model, and x4,
and x.,q are the start and end position of the vibration. The damping force F,; for both

models and cable types were plotted against the cable stretch (Fig. 3.9). As the system
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Figure 3.8: Amplitude of hysteresis and non-hysteresis models with linear damper and ex-
perimental data during the longitudinal vibration test.

oscillates up and down while attenuating, the damping forces draw spirals and it is clear
that the area enclosed by the damping model for non-hysteresis model is more than that for

hysteresis model.
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Figure 3.9: Linear damping force during the longitudinal vibration test plotted against cable
stretch.
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Table 3.3: Performance of hysteresis and non-hysteresis models during the longitudinal vi-
bration test. (Thin cable)

Experiment  Hysteresis  Non-hysteresis

model model

Frequency [Hz] 13.281 13.448 12.940
SS stretch [m] 2.544x1073  2.549x107%  2.536x1073

Log decrement, o 0.115 0.118 0.145

Frequency % err - 1.263 2.566

SS stretch % err - 0.177 0.314

Log decrement % err - 6.046 30.145

The hysteretic force model is partially elastic (conservative) and partially non-conservative.

If cycles make completed loops, energy loss is

Tend

Tstart

which is the enclosed area inside the hysteresis loop. However, when cable is randomly loaded
and the cycles are not closed, which is the case for robot actuation cables, the energy loss is
calculated by the summation of partially enclosed area for all the cycles as shown in Fig. 3.10
and 3.11. The integration of each cycle starts at a point on the loading path (zgq.; Where
i is the index of cycle) which has the same stretch as the point of next trough. Then, the
point of next trough is the ending point of integration (Zyougn:). IV is the total number of
cycles. As the amplitude of the cycle becomes smaller, the hysteresis loop becomes narrower

and the energy loss gets smaller.

N Ttrough,i
Wh = Z Whﬂ', Wh,i = / thx (320)
=1

Tstart,i
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Table 3.4: Performance of hysteresis and non-hysteresis models during the longitudinal vi-
bration test. (Thick cable)

Experiment  Hysteresis  Non-hysteresis

model model

Frequency [Hz] 10.658 11.584 11.188
SS stretch [m] 2.969x107% 2.973x107%  2.966x1073

Log decrement, o 0.100 0.097 0.111

Frequency % err - 8.692 4.969

SS stretch % err - 0.135 0.101

Log decrement % err - 2.938 10.750

To confirm numerical simulation accuracy, the change in the energy between initial and
last states of the vibration was calculated. The change in the gravitational potential energy,
elastic potential energy, and kinetic energy are denoted APEg, APFER, and AKFE respec-
tively. The gravitational potential energy and kinetic energy can be calculated accurately
from the initial and last conditions of the system. However, to calculate the elastic potential
energy for the hysteresis model, the unplotted portion of the unloading path needs to be in-
tegrated with respect to stretch. Since figuring out the path requires extra calculation, this
step was simplified by approximating the unplotted unloading path using the non-hysteresis

model F,.

The energy dissipation due to the hysteresis and linear damping terms and the change in
the system’s potential and kinetic energies are summarized in Table 3.5. Energy dissipation
by the non-hysteresis model’s linear damping terms agrees very well with the change in the
system’s total energy for both cable sizes. Theoretically, the total energy dissipation should
completely be equal to the change in the system’s total energy. However, numerical error

from the differential equation solver causes a slight disagreement. For the hysteresis model
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Figure 3.10: Hysteretic force during the longitudinal vibration test for thin cable. Energy
loss for the 1st, 2nd, and the last cycles are shown.

of thin cable, about 57% of energy was lost by the hysteresis term and for the thick cable,
the hysteretic energy loss was roughly 71%. Although the agreement between the calculated
total energy dissipation and the change in the system’s energy was worse for hysteresis
models for both cables, the largest error was about 1%. One possible source of error is the
approximation of elastic potential energy mentioned earlier. Also, looking into the fact that
the energy dissipation captured by the hysteresis term is caused by the Coulomb portion
of inter-cable and internal cable frictions, energy should be dissipated in both loading and
Thus, the employed calculation method of energy dissipation for the

unloading phases.

hysteresis term could cause additional error.
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3.4 Conclusions

experiments and finding relationships between the coefficient and the cable geometry.

42

Figure 3.11: Hysteretic force during the longitudinal vibration test for thick cable. Energy
loss for the 1st, 2nd, and the last cycles are shown

We developed the hysteresis model for longitudinally loaded cables that can be applied for
control of cable driven mechanisms. The model consists of a rate independent hysteresis
term and rate dependent linear damper. Using the proposed hysteresis model, parameters
for two cables with different diameters employed in the RAVEN II system were identified.
The cables used are type 304 stainless cable with construction of 7 strands and 19 wires.
However, the model can potentially represent cables with different construction and diameter.
Even though the linear damping coefficients were only proved to work for the length of the

cable tested in the experiments, the coefficients can be generalizable by performing further
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Table 3.5: Energy dissipation and change in the system’s energy

Thin cable Thick cable
Non- Non-

Hysteresis hysteresis Hysteresis hysteresis

model model model model
Wy [J] 0.01381 - 0.04579 -
Wy [J] 0.01040 0.02447 0.01898 0.06494

Wi [J]  0.02421  0.02447  0.06477  0.06494

APEg [J] -0.05751  -0.05695  -0.22539  -0.22205
APEg [J] 0.03303 0.03248 0.16043 0.15710
AKE [J] 0.00002 0 0.00006 0

|AEi| [J]  0.02446  0.02447  0.06490  0.06495

Difference [J] 0.00025 0 0.00013 0.00001
% error 1.022 0 0.200 0.015

One unique feature of the hysteresis model is that it captures energy dissipation that is
independent of the cable stretch rate. The hysteresis model, together with a linear damper
demonstrated high correlation to experimentally obtained data in terms of vibration fre-
quency, steady state stretch, and logarithmic decrement. The attenuation of amplitude with
time was captured better compared to non-hysteresis model.

The dynamic model of the RAVEN II system is planned to be developed by combining
the proposed cable stretch model and the cable pulley interaction friction model developed
in [57]. Besides, the developed RAVEN II model will be used with state estimation technique
as described in [26] for added control accuracy and robustness. Furthermore, the energy loss
calculated from integration of the hysteresis model can be utilized for prediction of fatigue

life if a proper computational algorithm is employed.
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The cables used for both quasi-static cyclic loading test and longitudinal vibration test
were originally fresh before they were preconditioned. Since the model parameters were
optimized for that cable condition, the parameters may require to be adjusted after long
time use. Besides, as the performance of the cable could also be affected by temperature and
humidity of the surrounding environment as well as corrosion, further experiment needs to

be carried out for fine tuning of the parameters.
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Chapter 4

MODELING THE RAVEN 11
4.1 Introduction

Cable or wire rope is a mechanical transmission method often employed due to advantages
such as transmission of power over some distance and limited space, adaptability to mechan-
ical geometries with use of guide pulleys, zero backlash, compliance, and low inertia for serial
link robots because motors can be mounted off the joints. However, when it is applied to
robotic systems, a kinematic model is not sufficient for accurate control because the cable
has some elasticity and internal friction and the friction from cable and pulley interaction
varies dynamically.

Generally, cables consist of multiple strands of wires helically surrounding a center core
strand. Under stress, each strand and wire slide while overcoming inter strand and wire
friction and as a result, exhibits complex hysteretic response. The discrepancy of cable
stretch force between loading and unloading phases caused by the hysteresis could introduce
control inaccuracy. The motion or sliding of the pulley occurs inside the pulley bearing rather
than at the contact surface of cable and pulley. This is because the bearing is generally well
lubricated and the coefficient of friction at the bearing is lower than that of cable and pulley
interface. Slippage at the cable and pulley interface can be ignored especially when the speed
of cable translation is not high (i.e. for robot arm actuation) and the inertia of pulley is
low. The effect from the pulley bearing friction could be significant for robot control since
the friction could be very high as cable tension increases. The cable pulley friction is also
complex since multiple variables could affect the amount of friction including cable tension,
wrap angle of cable around pulley, number of pulley employed, and cable velocity.

To improve the accuracy, one can employ extra sensors and track position, velocity, and
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acceleration of the end-effector or force transmitted by cable. However, adding sensors is
costly and mounting sensors and extra wiring complicates the system. For some systems like
surgical robots and instruments, adding sensors is not possible space-wise and not practical

due to the sterilization requirement.

Townsend [79] analyzes tension element (cable, belt, etc.) drives using a linear stiffness
model and investigate open-loop bandwidth of a manipulator. Mitsantisuk et al. [55] propose
a control method for a wire-based twin direct-drive motor system with variable tension based
on a linear spring model. The control requires encoders on both motors and accelerator at
the moving platform. Caverly et al. [10] present state estimation of a similar single Degree
of Freedom (DOF) system with a linear stiffness model. The algorithm uses the Extended
Kalman Filter (EKF) and Unscented Kalman Filter (UKF) based on the information from
an accelerator on the payload and encoders from one or both winches. Reiter et al. [67] fuse
robot kinematics and 3D visual observations using the EKF to detect and track a surgical
tools of the da Vinci Surgical robot. Abdollahi et al. [2] present control method that use no
a priori knowledge of the system dynamics by utilizing a neural network with motor position

and velocity measurements.

Another approach to solve the accuracy problem is using a simple and inaccurate model
and estimate the model parameters. Chen et al. [14] present a calibration method using a
kinematic model with flexibility compensation and improve the track accuracy of a humanoid-
arm manipulator. The algorithm uses an error model between the measured state and the
model output. Wernholt et al. [86] estimate parameters of a non-linear model based on
frequency response functions which is linearized and evaluated at a set of operation points.
There are some previous researches performed to improve the accuracy of the RAVEN II
surgical robotic system. Edward et al. [59] develop a dynamic model of a single DOF cable
drive test bench and apply the UKF to estimate the state and model parameters. The
parameter estimation is performed offline using information from motor and joint encoder.
In that research, a simple exponential cable stiffness model and Coulomb and viscous friction

model are used. Ramadurai et al. [65] perform a simulation of one of the actual RAVEN II
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joint using the same cable model. Haghighipanah et al. [26] extend the work and apply the
technique for the first 3 joints of the RAVEN II. Mahler et al. [51] use a kinematic model and
estimated the model parameters with Gaussian Process Regression. The pose and velocity
of the RAVEN II which are necessary for the estimation are tracked using a motion capture
system that uses LED markers.

Our approach is to accurately model the dynamics of the cable system so that the model
can be applied in replacement of the model used in our prior work and some aforementioned
simple models. This approach is lower cost and the system will be less complicated because it
requires no extra sensors. Moreover, this method has potential to realize more accurate and
robust control compared to using a simple model. In addition, this method is able to capture
information of how much and where force/torque are used and the input energy is dissipated
by the inter-wire sliding friction and plastic deformation of material. Such information can
be used for system analysis such as contact and grasping force estimation and cable fatigue
life prediction. Hence, development of an accurate dynamic model has such potential and
can be quite meaningful.

We employ the RAVEN II surgical robotic research platform developed by the University
of Washington’s BioRobotics Lab for the proposed model verification. The system uses
cable drives for all 7 DOF's in order to realize easy sterilization and eliminate dynamic effect
from the motor weight and has a workspace with two rotational and one prismatic joints.
The remaining 4 DOF are used for driving surgical instruments. The system currently
incorporates a kinematic model and the inputs are the joint positions measured by optical
encoders embedded in the motors. A kinematic model is sufficient when the robot is primarily
used for tele-operation where the operator can visually adjust the robot position. However,
when it comes to automation/semi-automation, the kinematic model is not accurate enough
because of the issues with cable drives.

The major contribution of this chapter is development of a detailed model of cable driven
mechanisms with closed circuit cable/pulley transmissions [75]. The model consists of the

previously developed models in chapters 3 and 2 and the details of the model are described
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in section 4.2. The model performance is evaluated and discussed in section ??. Even though
the model in section 4.2 is developed based on the RAVEN II, the model can be transferred to
any closed circuit cable/pulley transmission systems that have structure, load, cable tension,

and cable and pulley parameters similar to the RAVEN II.

4.2 Raven II System Dynamics

4.2.1 Previous Dynamic Model

The entire picture of the RAVEN II is shown in Fig. 4.1. Each DOF uses a closed circuit
cable configuration as in Fig.4.2. Previously, the dynamic model of the RAVEN II was

constructed follows.

G = I, = Fu(g5, 45)) (4.1)
FL:FC+FG+E+JTFen (42)
Fy = fejsgn(q;) + foid; (4.3)
I'=(Tj1 — Tj2)r; (4.4)

where ¢;, g;, ¢; are the angular position, velocity, and acceleration of joint respectively. The
radius of motor capstan and joint are denoted r,,. and r;. I; is joint inertia matrix, F¢
and F are the torques from Coriolis and gravitational effect, J and F,, are Jacobian and
external torque, f.; and f, ; are coefficients of Coulomb and viscous friction for the joints,
and Trne1, Tine2, 11, and Tjo are the lower and upper cable tensions for the motor capstan
side and robot joint side. F and F are calculated from inverse dynamics of the linkages.
The formulation and descriptions for the joint dynamics (eq. (4.1) to (4.4)) are for rota-
tional joints. Therefore, for prismatic joints, all the corresponding terms should be changed
accordingly. Also, there exist an effect called cable coupling which is the interdependence of
different joint angles [26].

Also, the exponential cable stretch and linear damper were used for modeling the cable
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Figure 4.2: Schematic drawing of 1 DOF Raven II cable drive system with guide pulleys.



20

tension.
Tj1 = k(€™ 75" + co(GmeTme — 4j75) (4.5)

7}’2 — ke(equ'j7ch’f‘mc) _ Ce(q.mcrmc _ q.](r‘]) (46)

where ¢,c, ¢me are the angular position and velocity of motor capstan. k. and c. are the
stiffness and damping coefficients for the stiffness and damping respectively. For the previous
model, T,,.; = T, (i = 1, 2) because the cable pulley friction was lumped into the joint

friction.

4.2.2  New Dynamic Model

The fundamental robot’s dynamics (eq. (4.1) to (4.4) with cable coupling) remains the same.
The exponential cable stretch model is replaced with the hysteresis model Fy (eq. (3.15))
proposed in chapter 3. Moreover, the cable pulley friction model F), (eq. (2.16)) developed
in chapter 2 is added. Now, because of the existence of the cable pulley friction, T},.; # T}
(i=1,2). When the motion of the cable is in the positive direction as defined in Fig.4.2 (i.e.
the average cable translation rate &4y = (¢meTme+¢;7j)/2 > 0), the cable tensions T),.,1 and
T; o are larger than the tensions on other side of the cable over the pulleys by the amount of
the cable pulley friction. To be exact, Fiy for T,,.; and T}; should be calculated separately
because the cable stretch is not equally distributed throughout the cable due to the cable-
pulley friction. However, since the cable stretch is obtained based on the difference between
the motor encoder and the joint position obtained from numerically solving the dynamics, it
is not possible to know the stretch of each cable segment. Therefore, it is assumed the cable
stretch is uniform thorough the cable. If the direction of the cable motion is reversed, the

frictional force acts on 75,2 and T}, as below..

F;;)(Tl yMp1 7011),1;@11,1 7xqav)
2

Tine1 = Fr(zsy,&s1,21)+ (sign(Zeaw) + 1) (4.7)

F;o (TQ y1p2 76w,1;av,2 7x‘qav)
2

Tmc,? = FH(xS72’ ils,?a 22) + (Sign(_icav) + 1) (48)
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F;)(Tl M1 ﬁw,mv,l 7jrqav>
2

Tj1 = Fr(zs1,&s1,21)+ (sign(—Zeq) + 1) (4.9)

F;;J (T2 Mp2 79w,7;av,2 ajjqav>
2

Tjo = Fr(zs2, T2, 22)+ (sign(teqy) + 1) (4.10)

Ts1 = Ts,0 + (chrmc - erj)/lo

jjs,l = <chrmc - erj>/10

(4.11)

(4.12)

Ts2 = Ts0 — (GmeTme — ¢i75)/lo (4.13)
Zs2 = = (GmeTme — 4;75) /1o (4.14)
Ty = (T + Tj1)/2 (4.15)
(4.16)

Ty = (Tinea + Tj,z)/2

where z,( is the strain of cable due to initial tensioning. s, %51, Zs2,and &9 are the
cable strain and strain rate, z; and zo are the hysteretic variables, n,1, 1,2, Owiav1, and
Ow,i.av,2 are the number of pulleys and average individual wrap angles, and 7} and 75 are the
average tensions for the each side of the cable loop (the subscript 717 represents lower and
72" represents upper cables in Fig. 4.2) respectively. The model parameters for the Fy are
the same as the ones in Table 3.1 and 3.2 because the function is generalized for different
cable lengths by using strain. Part of the model parameters (c1, ¢z, and c¢3) for the F), comes

from Table 2.1 and the rest are summarized in Table 4.1.

4.3 Model Evaluation

4.8.1 Method

The tracking accuracy of the new dynamic model was investigated by injecting pre-recorded
motor trajectories instead of torque as the input. The reason is that input torque needs to
be calculated from the input current and it can be inaccurate. Besides, solving the motor

dynamics may cause additional error because of uncertainty of model parameters. However,
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Table 4.1: Cable-pulley network friction model parameters (number of small, medium, and
large pulley employed n, and average individual wrap angle 6,,; 4,) for the RAVEN II. The
subscripts indicate two different cable segments of the cable loop (See Fig. 4.2)

Joint  Small Medium Large Small Medium Large
Np1 Np 2 Np1 Np 2 Np1 Np 2 gw,i,av,l ew,i,avﬂew,i,av,l 6)w,i,cw,QQw,i,av,l 011),2',(11},2
1 0 0 0 0 0 0 - - - - - -
2 3 4 2 2 0 0 56.7 65 60 120 - -
3 6 7 ) ) 1 1 68.3 75.7 56 92 180 180

the motor state tracing is very accurate due to the highly accurate encoder (4000 count
per revolution) on each motor. Thus, we disregard the motor dynamics and use the motor
states from the encoder. 80000 counts per revolution encoder was attached to the 1st and
2nd joints and 5 um linear optical encoder was used for the 3rd joint for ground-truth joint

motion data. We injected four different input trajectories as follows.
(1) Sinusoidal wave with frequency of 0.5 Hz.
(2) Sinusoidal wave with frequency of 0.1 Hz.
(3) Sinusoidal wave with frequency of 0.01 Hz.

(4) Actual Fundamentals of Laparoscopic Surgery (FLS) task trajectory recorded using
the RAVEN II [21].

For all the tests, the trajectory was injected to the first three joints, two rotational and
one translational, used for positioning the end effector simultaneously and we investigated
the performances of each joint individually. The new dynamic model was compared against
the original kinematic model [39], old dynamic model with optimized parameters [26], and

ground truth joint encoder values.
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4.3.2  Result and Discussion

The position plots of experiment (1)-(4) are shown in Fig. 4.3-4.6. For all the experiments,
the position of the 1st joint of all the models are very close together while there is a gap
between all the models and the joint encoder. The results are similar for the 2nd joint but
the kinematic model is slightly off of the dynamic models at the peaks. For the 3rd joint,
the two dynamic models are relatively close together and correlate with the encoder value
better than the kinematic model. For the 1st and 2nd joints, the errors between all the
models and encoder value at the peak or trough can be explained by the uncertainty of
the transmission ratio. The transmission ratio used in this work is calculated directly from
the CAD model. However, due to the thickness of cables and the slight gap between two
transmission pulleys, there exists some uncertainties. If the parameter is properly adjusted

the offset can be reduced and performance can be improved as described in [27].

The joint encoder reading of the 3rd joint for the sinusoidal input with 0.01 Hz frequency
showed non-smooth trajectory. This could be due to the effect of stick-slip friction. Since
no stick-slip effect was observed from the experiment of the cable-pulley interaction friction,

the stick-slip friction is most likely caused by the linear rail.

The error histogram of the new dynamic model for each experiment is compared side
by side against the kinematic model and the old dynamic model (Fig. 4.7-4.10). The
error histograms clearly show that all the models are almost identical for the joint 1. For
the joint 2, some improvement can be observed over the kinematic model but not much
compared to the old dynamic model. The joint 3 error histogram shows that the error
bars for the new dynamic model are shifted to left compared to both the kinematic and
old dynamic models. Fig. 4.11 summarizes the percentile improvement of the average error
and maximum error for each joint and each input trajectory. The improvements of the
average and maximum errors are close to zero for all the input trajectories for the joint
1. For the joint 2, the average error is improved by 20-50% and the maximum error is

improved only for the 0.01 Hz sine input (about 5% improvement) and FLS input (about
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40% improvement). However, no improvement was observed when compared to the old
dynamic model. Meanwhile, for the joint 3, both average error and maximum error are
smaller for the new dynamic model than the kinematic and old dynamic models. Compared
to the kinematic model, the average error was improved by 40-70% and the maximum error
was improved by 20-40%. The improvements of the average error and maximum errors were

about 10-20% and 5-10% respectively over the old dynamic model.

There is a slight trend of increase of the percentile improvement for the smaller frequency
inputs. This can be due to the effect of hysteresis. When the speed is very low or quasi-static,
the damping term becomes very small and the old model is not able to capture the energy
loss. On the other hand, the new model with hysteresis is capable of capturing the very low

speed energy loss and the difference between the loading and unloading phases.

Higher percentile improvement was observed for the FLS input trajectory. The Fast
Fourier Transformation of the input trajectory indicated that the frequency ranges up to 0.5
Hz and the distribution was very even throughout. Thus, the reason of the improvement is
not simply because the frequency is very low. One unique characteristic of the FLS input
is that trajectory is random and the load on the cable varies more frequently compared
to the sinusoidal inputs. This could make the results of the new dynamic model and old
dynamic model distinct. The effectiveness of hystersis could become more significant if the
mass of each link is larger and the difference in the loading and unloading paths is bigger
(the hysteresis loop becomes wider in this case). Therefore, cable driven systems with very
low speed, frequent change in the loading condition, and large inertia will benefit from the
hysteresis model more. The cables used for those joints have larger diameter (diameter and
stiffness are close to twice of the thin cable) and shorter length (7 cm for the 1st joint and
40 cm for the 2nd joint compared to 140 cm for the 3rd joint). Therefore, the transmission
is very stiff for the 1st joint and it becomes less stiffer for the 2nd and 3rd joints (the cable
strain becomes lower). Besides, there is no guide pulley for the 1st joint and there are only 11
pulleys (7 small and 4 medium size) for the 2nd joint while 25 pulleys (13 small, 10 medium,
2 large size) are employed for the 3rd joint. Therefore, the 3rd joint benefited from the new
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dynamic model more compared to the other joints and the dynamic models performed very

similar to the kinematic model especially for the 1st joint.
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Figure 4.3: Position plot with 0.5 Hz sinusoidal input trajectory.

4.4 Conclusion and Future Work

We developed a dynamic model for the Raven II cable driven surgical robot based on ex-

perimental inspection of the actual parts used for the system. The model captures the true
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response of the cable (elasticity, internal friction, material damping, and hysteresis) as well

as the guide pulley friction which is formulated as a function of cable tension, number of

pulley employed, and wrap angle. Experimentally evaluating the model of the first 3 joints

(used for positioning of the end effector) showed the accuracy of the insertion joint (joint

3) was improved (the average error and maximum error were improved by about 10-20%

and 5-10% respectively compared to the old dynamic model.). However, the joint 1 and 2
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which use stiffer cable and fewer guide pulleys did not gain any benefit from our method.

Since the uncertainty of transmission ratio is not resolved in this work, we need to investigate

whether optimizing the transmission ratio improves the performance. Besides, the joint state

estimation technique using the UKF as described in [26] can be applied to further improve

the accuracy. Moreover, for the joint 3, the experiment with very low frequency sinusoidal

input showed stick-slip friction like behavior. Therefore, modeling the stick-slip friction will
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improve the low speed regime accuracy of the joint 3. Also, simulation results with different

input trajectories indicated that cable driven systems will benefit from the hysteresis model

more if the systems have very low speed, frequent change in the loading condition, and large

nertia.
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Figure 4.7: Comparison of error distributions for 0.5 Hz sinusoidal input trajectory. The
new dynamic model is compared side by side with kinematic model and old dynamic model.

Our method is capable of acquiring force/torque information and energy dissipation hap-
pening inside the cable. These information can be used for estimating contact and grasping
force and predicting cable fatigue life. Some related work are presented by Kosari et al. [40]
and Li et al. [48]. The model parameters were optimized based on the experimental results

using fresh cables. After long time use, cable will degrade and parameters might need to
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Figure 4.8: Comparison of error distributions for 0.1 Hz sinusoidal input trajectory. The
new dynamic model is compared side by side with kinematic model and old dynamic model.

be re-adjusted. Since the fatigue of the cable and the parameter change can be related, the
parameters can be predicted using the information of the energy dissipation of the cable

combining with other cable fatigue modes such as repeated bending over the sheave.
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Figure 4.9: Comparison of error distributions for 0.01 Hz sinusoidal input trajectory. The

new dynamic model is compared side by side with kinematic model and old dynamic model.
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of the input (0.5, 0.1, and 0.01 Hz sinusoidal input and FLS trajectory input). Results of
each joint are shown in the separate plots.
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Chapter 5

FATIGUE LIFE OF WIRE ROPES USED FOR ROBOTIC
ACTUATION

5.1 Introduction

The types of wire rope fatigue can be classified into 4 categories; tension-tension fatigue (T-
T), bending over sheaves (BoS) fatigue, free bending fatigue, and torsion fatigue. Different
fatigue mechanisms could co-exist in a fatigue process. For a typical robotic application,
wire rope experiences BoS fatigue since wire rope connecting actuator and robot’s joint is
often guided by idler pulleys. Also, T-T fatigue appears because wire rope is repeatedly
loaded and unloaded to actuate robot’s joint back and forth.

In this work, the specifications for the experimental setup are determined based on the
RAVEN II surgical robotic research platform [29] which uses 0.61 and 1.19 mm diameter
wire ropes. Even though wire rope is repeatedly stretched and relaxed when actuating the
RAVEN II, we only focus on the BoS fatigue because BoS fatigue is expected to be dominant
regarding the fact the fluctuation of the tension is not considerable (empirical RMS tension
goes only as high as 10% of wire rope’s braking strength).

Plentiful of literatures regarding BoS fatigue life of large scale wire ropes are available.
The main applications of those wire ropes include cranes, elevators, aircraft rescue hoisting,
mine hoisting, cableways, and deep water offshore mooring [11,23,24,63,68,81,92]. However,
the investigation of a small scale wire rope (diameter of less than a few millimeter) has
not been active. Even though the results from large wire ropes could be estimated by
extrapolation, there is no literature that verifies they could provide a good estimate of wire

rope life for a small scale robotic application.

The parameters that affect BoS fatigue are:
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e D/d ratio (D: diameter of sheave, d: diameter of wire rope)

e Tension

e Wrap angle

e Number of reverse bending

e Relaxation length (length between sheaves)

e Angle between sheaves

e Fleet angle

e Groove geometry

e Wire rope construction, grade, and quality

e Wire rope lubrication

e Wire rope speed

Generally, the first two terms have the most influences on the fatigue life. Fatigue life
is shortened as D/d ratio decreases or tension, wrap angle, number of reverse bending, and
angle between sheaves increase. The details of the effect of the other parameters can be
found in [12,20].

The organization of this chapter is as follows. Section 5.2 presents a well-known wire rope
fatigue life prediction model with additional correction factors that is used to compare the
experimental results with. Section 5.3 introduces the experimental setup and specifications.
Section 5.4 shows the experimentally measured BoS fatigue life. Finally, section 5.5 gives

conclusions and discusses work left out in this study.
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5.2 BoS Fatigue Life Prediction Model

In this section, we present a prediction model for wire rope’s BoS fatigue life cycle developed
by Feyrer [20] which will be compared against experimentally obtained fatigue life cycle in

section 5.4.

D S Ry
logN = by + (b + bglogg)(logﬁ — 0.4log 1770)

D
+b2logE + logfs+ logfr + logfc (5.1)

where N is the fatigue cycle till failure (there exist different definitions of failure), d is
nominal rope diameter in mm, D is sheave diameter in mm, S is tension in N, and Ry is
nominal tensile strength in N/mm?. The constants by, by, b3, are determined depending on
the construction of wire rope and by is based on both the wire rope construction and the

definition of failure. Feyrer presented 4 different failure criteria as follows:

O N: Mean breaking number of bending cycles.
O Nyo: With 95 % certainty, not more than 10 % of the wire ropes break.
0 N4: Mean discarding number of bending cycles.

O Nag: With 95 % certainty, not more than 10 % of the wire ropes are in the discarding

condition.

Breaking number of bending cycle is defined as the cycle when at least one strand is broken.
The discarding number is based on the number of wire rope break found at 80 % of the
breaking number of bending cycle. In this work, experiments were continued until wire
ropes reach the condition of Njy. In the case of wire rope we test, 10 % of wire rope is

equivalent to 0.7 strands or 13.3 wires.
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The endurance factors fy, fr, fc are defined based on rope diameter, bending length,
and number of rope strands . To take account of the rope lubrication, fleet angle, and groove

geometry, N needs to be multiplied by correction factors fyi-fna.

Ncor = NlefNZfN3fN4 (52)

The tested angles between sheave axis are 0° so no correction factor is required. Deviation

of the fatigue life due to reverse bending was experimentally derived.

D\a
Nrev,cor = QONSCLZ‘;mCOT(E) ’ (53)

Nyeycor and Ny, cor stand for number of fatigue life cycles due to reverse bending and
simple bending after correction in eq. (5.2) (Ngim.cor = Neor). Values of ag, a1, and ay varies
depending on the definition of failure.

The full cycle includes 2 simple bending and 2 reverse bending. To calculate the total

bending life cycle, the Palmgren-Miner-Rule is employed.

Ny; N,
N, ] = stm,cor4 Vrev,cor 5.4
total 2Nsim,co7‘ + 2Nrev,co7" ( )

One problem with the Feyrer’s model is that the endurance factor for the rope diameter

fa is not well defined for small rope diameters (less than 6 mm). The suggested formula is

0.52

Ja= o+ (d/16)03

(5.5)

However, when 0.61 mm and 1.19 mm are used for d, f; becomes negative and it eventually
causes error when calculating logfy in eq. (5.1). Since there is no other reference for what
value should be used for 0.61 mm and 1.19 mm diameter ropes, we used the following

alternative expression in [20] when calculating f;.
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d >_0'63 (5.6)

fo= (55

The basic form of this equation was found by Shitkow and Pospechow in 1957. It was

originally

e (7 6

but the exponent was adjusted by Feyrer later.

Similar problem arises for the bending length endurance factor f;. The formula developed
by Feyrer is valid when the nominal bending length [ > 10d (the bending lengths tested in
the experiments are 2.985 mm and 5.970 mm while 10d are 6.1 and 11.9 mm.).

1.54

B 254 — (l/g;§-5)—0.14

fr

(5.8)

Although we still rely on this formula, when d = 1.19, f; grows to infinity as [ approaches
to 3.063 and it becomes negative or complex conjugate for [ < 3.063. For this case, f; is
selected such that the model matches the experimental results (see section 5.3 for more
details).

Another problem of the Feyrer’s formula is that the effect of relaxation length is not
included. Optimal rope life can be achieved if the relaxation length (distant between the
sheaves) is at least 3 to 4 rope lay lengths to allow the wires and stands relax and realign [87].
Raoof et al. performed in depth investigation of recovery length of large diameter wire rope
(more than 16.4 mm diameter strand (strand diameter is sub-millimeter in our study)). They
formulated recovery length of any layer of wire rope strand with any constructions [66].
However, how the length between sheaves affect the BoS fatigue life is not discussed. In
practice, if the relaxation length is less than the circumference of sheave, the bending cycle
is counted as double [1]. Since our experimental setup has relaxation length of less than the

sheave’s circumference, the calculated fatigue life cycle in eq. (5.4) is reduced by a factor of

2.
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5.3 Experimental Setup and Specifications

The experimental conditions are determined based on the RAVEN II. We selected the portion
of the pulley arrangement which causes the most severe fatigue. In this work, the discarding
number of bending cycles N4 is investigated. Detailed information of each parameter is as

follows (the parameters in bold are investigated and the rest is kept unchanged):

e D/d ratio: See Table 5.1.

Table 5.1: D/d ratio tested in the experiments

Rope Dir.
0.61 [mm] 1.19 [mm]

Pulley Dir.
7.6 [mm] 12.46 6.39

e Tension: 10, 15, 20, 25, 30, and 35 N. These values are chosen based on the empirical
RMS tension of 33 N.

e Wrap angle: 45° and 90°. The bending lengths are 2.985 and 5.970 mm respectively.
These are the major wrap angles used for the RAVEN II (Fig. 5.1).

e Number of reverse bending: 2 (in one fatigue cycle).

e Relaxation length (length between sheaves): 10 mm. This value is less than 3 lay
lengths of the wire rope and circumference of the sheave. (The lay length of the 0.61
mm wire rope is 5.5 mm and 1.19 mm wire rope is 9 mm. The sheave’s circumference

is 23.88 mm.)

e Angle between sheave axis: 0°. It ranges from 0° to 90° but it’s mostly 0° for the

RAVEN II.
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e Fleet angle: 0°. Fleet angles of all pulleys are 0° for the RAVEN II.

e Groove geometry: As shown in Fig. 5.2. Pulleys are made out of 6061 aluminum with

hard anodized finish.

e Wire rope construction, grade, and quality: The construction of both ropes is regular
lay 7 x 19 IWRC (6 strands are helically twisting around a core strand and each strand
consists of 19 wires). Both ropes are manufactured by Carl Stahl Sava Indstries, Inc
and made out of type 304 stainless steel. 1.19 mm wire rope has braking strength (Fp)
of 1112 N and 0.61 mm has F of 222 N (Fig. 5.3).

e Wire rope lubrication: Lubricated.

e Wire rope speed: 1.3 m/s (empirical RMS value).

The experimental setup is shown in Fig. 5.4. The wire rope is driven using the same

motor used for the RAVEN II (Maxon RE 30 brushed motor). An Arduino (Mega 2560) was
used for the motor control. The travel distance, denoted as ”s” was determined to achieve
"straight - bend - straight - bend - straight” for a half cycle which results 2 simple bending
and 2 reverse bending for 1 full cycle (Fig. 5.5). Wire rope’s tension was set by hanging
two equal weights onto the two bottom idler pulleys which are connected with a rigid bar in
the back of the board. The weights were kept hung during the experiments to hold constant
tension.

In order to detect frays of wire ropes, we made a device shown in Fig. 5.6. The device
is mounted at the end of travel range and wire rope goes through a hole on the stainless
steel sheet on the device. The distance between the outer surface of the wire rope and the
stainless steel sheet is set to become one half of wire rope’s radius. The thickness of the sheet

is 0.2 mm. When frays or broken wires make contact with the sheet, an electrical circuit

connected to the device is closed and a counter is incremented.
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Figure 5.1: Pulley and wire rope configuration of the RAVEN II.

Dimension unit:
XX.XX mMm

—
. |

RO.60 /-t

7.60
10.0

Figure 5.2: Small pulley used for the RAVEN I1I.
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?0.61mm ?¥1.19 mm @0.61 mm ©1.19 mm

Figure 5.3: Actuation wire ropes used for the RAVEN II (regular lay, 7x19 IWRC, type 304
stainless steel).

Experiments were continued until the fray counter reaches 150 for 0.61 mm wire rope and
100 for 1.19 mm wire rope. These values were determined experimentally. We observed that
wire ropes reach the the discarding number of bending cycles when the counter hits these
values. We also inspected the wire rope visually in order to ensure the condition of the wire
ropes.

Since the friction coefficient of pulley bearing is lower and the inertia of the pulley is

small, fatigue caused by the sliding between the wire rope and pulley is excluded.
5.4 Experimental Results and Discussions

The BoS fatigue life cycle is plotted as a function of tension. The types of the experimental
conditions are shown as below.

1. 0.61 mm diameter rope with 45° wrap angle (Fig. 5.8)

2. 0.61 mm diameter rope with 90° wrap angle (Fig. 5.9)

3. 1.19 mm diameter rope with 45° wrap angle (Fig. 5.10)

4. 1.19 mm diameter rope with 90° wrap angle (Fig. 5.11)
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Fray detection devices
Y

Figure 5.4: BoS fatigue life measurement setup. The travel distance of wire rope for a half
cycle is highlighted in orange.

The experimental results are compared against the Feyrer’s model. Even though all the
constants for the Feyrer’s prediction model are summarized in [20], not all the values that
suit for our experimental setup are presented. Therefore, proper values are selected either by
interpolation /extrapolation or based on the closest condition. The values of the coefficient

are summarized in Table 5.2 and 5.3.

As described in section 5.2, there is a limitation in eq. (5.5) when wire rope diameter is
very small. Therefore, the model calculated life cycle is plotted with two different Fj’s, the
original one in eq. (5.7) and the one adjusted by Feyrer in eq. (5.6) (Table 5.4). The bending
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1/2 cycle

Figure 5.5: 1 fatigue cycle achieved in the experimental setup. Bs;,, and B,., stand for the
simple and reverse bending respectively.

Fray
(Broken Wire)

Wire Rope

Pulley Board

Figure 5.6: Wire rope fray detector setup. The distance between the wire rope’s outer surface
to the detector w was set to be one half of wire rope’s radius. The thickness of the stainless

steel sheet is 0.2 mm.

length endurance factors f are calculated based on the eq. (5.8) for all the experiments
except for the experiment 3 because log f;, cannot be evaluated.
The results of experiment 1, 2, and 4 indicate that the actual BoS fatigue life cycles

are longer than the models predicted. Acting on this result, the exponent of the formula
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A

©0.61mm ?1.19 mm

Figure 5.7: Wire ropes reached at the failure threshold of our definition.

of F; was adjusted such that the model approaches to the experimental result (denoted as
modified Fy). The value of the exponent was -0.98 and the values of F; are shown in Table
5.4.

In the case of experiment 3, f; was selected after adjusting Fy. All the values of ff
are presented in Table 5.5. The value of fy is much higher than the ones from the other
experiments. This makes sense because even though the original value becomes negative
causes error, it is supposed to increase toward an asymptote and grow very rapidly.

Other than the experiment 3, the decrease of the curves is not as rapid as what the
models predict. The trend of the curve is determined by the coefficients b; and b3 whose
values are based on Warrington 8x19 wire rope. Even though there exists a correction factor

for the rope core type the number of strands (f¢), this factor only can shift the entire curve



25000

20000

15000

= 10000

BoS fatigue life cycle

5000

76

Table 5.2: Constants for the Feyrer’s model (eq. (5.1))

Parameters 0.61 mm rope 1.19 mm rope
bo -2.064 -2.064
b1 1.588 1.588
by 8.056 8.056
b3 -2.577 -2.577
Ry 760 1000
fo 0.905 0.905
.\
\‘.._‘ —e— 0.61, 45deg, orig fd
“"""-.,._ —@— 0.61, 45deg, feyrer fd
---a.
s 0.61, 45deg, modified fd
--@®-- 0.61, 45deg, experiment
10 20 30 40
Tension [N]

Figure 5.8: BoS fatigue life for the experiment 1.

up or down. Therefore, additional correction factor might be required in order to capture

the actual trend of the BoS fatigue life of small scale wire ropes.

The reason the experiment 3 does not have moderate decrease compared to the other

experiment might be because of the small //d ratio (I is about 1/4 of 10d in comparison with

1/2 to 1 for the other experiments).
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Table 5.3: Endurance Factors for eq. (5.2) and coefficients for reverse bending for eq. (5.3)

Parameters 0.61 mm rope 1.19 mm rope

a1 0.9 0.9
Ine 1 1
I3 0.481 1.0
Ina 0.901 0.864
ag 3.635 3.635
a1 0.671 0.671
as 0.449 0.449

Table 5.4: Endurance Factor for Wire Rope Diameter

Parameters 0.61 mm rope 1.19 mm rope

Feyrer f, 7.831 5.140
Orig fa 2.845 2.297
Modified fy 24.571 12.764

Normalized errors of the models with different f;’s with respect to the experimental data
are summarized in Fig. 5.12. It is shown that the the average error of the Feyrer model with
the modified f; is less than 20% for all the experiments whereas the average errors of the

model with the Feyrer f; and original f; range up to 65% and 80%.

5.5 Conclusions

We experimentally investigated fatigue life of the type 304 stainless steel wire rope with
construction of 7 x 19 which is used for the actuation of the RAVEN II surgical robot. In the

experiments, how D/d ratio, tension, and wrap angle affect the fatigue life was tested while
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Table 5.5: Endurance Factor for Bending Length

Parameters 0.61 mm rope 1.19 mm rope
fr 1.572 (for 45°) 19 (for 45°)
1.278 (for 90°) 1.555 (for 90°)

25000
20000
<
(%)
>~
(&)
@ 15000
= —8— 0.61, 90deg, orig fd
Q
gn —@— 0.61, 90deg, feyrer fd
2 10000 .
a 0.61, 90deg, modified fd
@ --®-- 0.61, 90deg, experiment
5000
0
0 10 20 30 40

Tension [N]

Figure 5.9: BoS fatigue life for the experiment 2.

keeping the other parameters unchanged (i.e. Number of reverse bending in one cycle: 2,
Relaxation length: 1-2 rope lay length or less than circumference of sheave, Angle between
sheave axis: 0°, Fleet angle: 0°, Wire rope’s speed: 1.3 m/s).

The BoS fatigue life obtained from the experiments showed that the experimental results
correlate with the Feyrer model better if the exponent of the formula of the wire rope diameter
endurance factor is changed to -0.89. Also, when the bending length is about 1/4 or less than
10 times of wire rope diameter, the bending length endurance factor needs to be big. In this
study, we only performed one experiment with very small [/d ratio. In order to generalize

the trend for that range, more experiments need to be performed.



79

25000
20000
@
o
>
o
& 15000
= —8— 1.19, 45deg, orig fd
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£ 10000
N o
a 1.19, 45deg, modified fd
@ --®-- 1.19, 45deg, experiment
5000
0
0 10 20 30 40
Tension [N]
Figure 5.10: BoS fatigue life for the experiment 3.
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L Satably S
0
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Figure 5.11: BoS fatigue life for the experiment 4.

Even though modifying the wire rope diameter endurance factor improves the perfor-
mance of the Feyrer model, it could correlate with the experimental results better in terms

of the speed of decay. Therefore, to fine tune the Feyrer’s model, more various combinations
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Figure 5.12: Normalized error.

of the wire rope diameter and pulley diameter need to be investigated.

As it can be seen in the Fig. 5.1, some pulleys on the RAVEN II has non-parallel axis.
This could be investigated to further understand the BoS fatigue of wire rope.

Even though we only investigated the effect of BoS, the tension-tension fatigue might

add extra wear and shorten the wire rope’s life in the real robot application.
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Chapter 6
KINEMATICS OF ROBOSCOPE

6.1 Introduction

Minimally invasive surgery (MIS) provides benefits such as safety (less bleeding and trauma),
smaller scars, and faster recovery. The use of a flexible manipulator could extend MIS to
more surgical tasks because it can be guided through a limited and non-straight pathway
and more sites can be reached without damaging surrounding organs or used for natural
orifice transluminal endoscopic surgery (NOTES) which requires no incision.

Many studies of design, analysis, and evaluation of new flexible manipulators with a
single instrument (sometimes with endoscope) for NOTES (or MIS in general) have been
done [8,15,52,73,74,89]. However, a single manipulator is not adequate to perform complex
surgical tasks. Research on two arm, high degree of freedom (DOF) flexible manipulators is
still limited. Bardou et al. [6] present a two flexible arm (4 mm each) system connected on
the sides of a 12 mm diameter classical endoscope. Inaccuracy of the kinematic model was
compensated using an external sensor. Lee et al. [45] introduce a single-port robotic surgical
platform with 30 mm diameter guide tube. They observed nonlinear backlash and removed
it using a feedforward term with backlash inverse. Traeger et al. [80] developed a two arm
spine-inspired flexible manipulator. Simulation of the workspace is shown but the kinematic
model and its accuracy were not presented. Mechanical problems arising from cable stretch
are often discussed but issues with the coupling are not specifically mentioned.

Roboscope (Fig. 6.1) is a two-arm, 12 DOF, fully motorized robot with flexible manip-
ulator designed for skullbase surgery and neurosurgery [69]. It has three major joints and
because of the structure, the joints experience strong coupling which could severely affect the

kinematics. Therefore, it is important to analyze the geometry and kinematics of the joints



82

and how they affect each other in order to accurately predict the manipulator’s orientation
and position from the motor position.

The organization of this chapter is as follows. Section 6.2 introduces the design and struc-
ture of the flexible joint. Section 6.3 describes in-depth analysis of the geometry of the joints
and the transformation from the actuator space to the Roboscope’s task space is presented.
Section 6.4 compares the kinematic model obtained in section 6.3 to the experimental data.

In section 6.6, conclusions are drawn.

Figure 6.1: Roboscope; fully motorized 12 DOF surgical robot with two arm cable-driven
flexible manipulator.

6.2 Structure of the Flexible Joint

The flexible joint consists of three major joints: main directional joint (2 DOFs), tool direc-
tional joints (2 x 2 tools = 4 DOFs) and tool (insertion and rotation) joints (2 x 2 tools = 4
DOFs). Including the tool open and close for each tool, the roboscope has 12 DOFs in total
(Fig. 6.2). Two tool direction joints and two flexible endoscope ports are located at the end
of the main directional joint and the tool insertion and rotational joints start at the tip of

the tool directional joint. The main directional joint is controlled by the liner displacement
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of cable lp, and Ip,. The tool directional joint is actuated by two rotations of the gimbal

Oc. and Og,, and the tool insertion and rotation are controlled by Iy and ¢r (Fig. 6.3).

. Holes for
Main Directional Joint [ 5

Tool Directional Joint
Tool Joint

Figure 6.2: Roboscope’s flexible joint has 12 DOFs in total. Main directional joint: 1, 2.
Tool directional joint: 3, 4 (Left tool) and 8, 9 (Right tool). Tool insertion and rotation: 5,
6 (Left tool) and 10, 11 (Right tool). Tool open and close: 7 (Left tool) and 12 (Right tool).

Main Directional Joint\

Tool Directional Joint’I I
Tool Joint

Figure 6.3: Tool assembly. [p, and [p, control the main directional joint, ¢, and 8¢, control
the tool directional joint and Iy and ¢ are for the tool insertion and rotation.

The main directional joint is constructed out of serially connected multiple bending seg-

ments. Each bending segment has holes allocated for all actuation cables, tools, and scanning
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fiber endoscopes (SFE) [44,90] (Fig. 6.4). This is to avoid high friction and wear that could
be caused by tangling and inter-sliding of cables and instruments while the joint is being
bent. Moreover, the coupling effect becomes more predictable compared to the case every-
thing goes through a single hole without being constrained. Another reason this design is
chosen is that the main directional joint needs to have some rigidity to avoid buckling when
it is loaded off-axially (as happens when the tool directional joint is actuated). Currently,
the parts for the joints were 3D printed with ABS plastic and the main diameter is 12 mm
in order to avoid failure during manipulation. An earlier prototype was built at diameter of
8 mm from segments w/ stamped metal joints. Having such small diameter is necessary for

natural orifice trans-nasal and trans-orbital surgeries.

Left Tool Directional Joint Right Tool Directional Joint
(0 1.2 mm) (1.2 mm)

Instruments
(@ 2.5 mm)
Main Directional Joint Scan FiberEndoscope
(9 1.5 mm) (@ 1.5 mm)

Figure 6.4: Left: One bending segment of main directional joint. Right: Top view of a
bending segment. Each segment has holes for all actuation cables, instruments, and scan
fiber endoscopes to avoid unpredictable friction caused by tangling and inter wire sliding.
The diameter of the segment is 12 mm.

The main component of the tool directional joint is a helical spring covered by a sheath
(not shown in the figure) when inserting the flexible joint into patient’s body. When oper-
ating, the sheath is removed and two tools are separated by a tool separation spring (Fig.
6.5). Triangulation can be achieved by bending both tool directional joints inward (it is

necessary to perform surgical tasks). Each of the tool directional joints are driven by three
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cables separated by 120 degrees, in order to provide pitch and yaw control (Fig. 6.11).

J || Tool Separation Spring
Tool Directional Joint o\

(Helical Spring) *E
Actuation Cable /L'

lp " e

Figure 6.5: Roboscope’s tool directional joint. Left: insertion phase with sheath on. Right:
operation phase with sheath removed.

6.3 Kinematics

The kinematics of the flexible Roboscope manipulator is represented by mappings between
three spaces; actuator, configuration, and task spaces (Fig. 6.6) (there is no configuration
space for the tool insertion and rotation because motors with gear reduction directly drive
those DOFs). The task space of each joint is calculated individually and all three joint’s
task spaces are combined to obtain the Roboscope’s task space. The motions of the main
directional joint, tool directional joint, and tool joint begin with the actuator angles repre-
sented as 0,,p, and O,,py, Omae and 0,6y, and 0,7 and 0,,7r respectively. Based on those
angles, the displacement of two main directional joint’s actuation cables (p, and lp,, the
gimbal angles 6, and 0¢,, and the tool insertion length I7 and rotation ¢ are calculated
using the gear transmission ratio. Because each actuation cable goes through all the joints
before its own and because the cable length inside each joint vary as angles change, the
kinematics of the tool directional joint is affected by the main directional joint. Likewise,
the kinematics of the tool insertion is affected by both main and tool directional joints. The
following subsections investigate the transformation and geometrical relations required to

obtain the kinematics of the Roboscope in detail.
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Figure 6.6: Flowchart of obtaining the kinematics of the Roboscope. The transformation
between spaces and calculation of coupling terms are discussed in section 6.3.A to G.

6.3.1 qu;; lDy to eD:m epy

The angle of rotation for each segment of the main directional joint is controlled by the
linear motion of the cable lp, and lp,. In order to know the relationship between the cable
displacement and the angle of rotation for the main directional joint, the geometry of each
main directional joint’s segment is investigated. Each segment can be rotated either about
x or y axis. Since the x and y rotations are independent (i.e. x-rotation does not affect
the length of actuation cable for y-rotation and vice versa), x and y rotations are treated
individually. Fig. 6.7 shows how the length of the actuation cable varies when one of the

main directional joints is rotated about the y-axis. From the geometrical relation in Fig. 6.8,

QDy:ﬂ'—QOé—ﬁ (61)

Using the law of cosine, the distance between D; and D) (|D;D}]) is written as.
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DD} = \/2r2(1 — cos j3) (6.2)
Solving eq. (6.2) for § gives
| D1 Dy [?

Since the range of p, is limited by the structure (—30° < 0p, < 30°), only the positive
solution is valid.
If the cable is pulled Ip,, with the assumption of the constant-curvature, | Dy D] for each

segment is expressed as

— l
|D1D}| =d— % (6.4)

Y

where N, is the number of y-rotation segment. Therefore, in terms of the actuation cable

displacement lp,, eq. (6.1) is written as

(d- %>2>

= (6.5)

Opy _—7T—204—COS<1—
—1 (ZD1
=t 1( )
o an 172

For the x-axis rotation, the relationship between lp, and #p, is the same as the counter-
part of y-rotation. Thus, p, will be exactly same as eq. (6.5) except that (p,, N,, and zp;

are replaced by lp,, N, (number of x-rotation segment), and yps (y component of the point

Pg).
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Figure 6.7: One segment of the main directional joint. Left: top view. Middle: x-z plain
view. Right: rotated 6p, about y-axis. 0p, changes as the actuation cables are pulled and
the distance |D; D] and |DyDj| vary. |D;D}i| = d when there is no rotation.

Figure 6.8: Notations assigned for the geometry of one joint segment.

6.3.2 epz, eDy to OQ

Denavit-Hartenberg (DH) convention is used for the mapping between 0p, 6p, and O, with
an assumption that the segments for each x and y rotation rotate equally when cable is
actuated. The frame assignment is shown in Fig. 6.9. The distance between each joint
frame is denoted L. The distance from O; to the frame of the 1st joint segment is 0.5L and

from the last (12th) joint segment to O is 2L. The DH parameters of the main directional
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joint are in Table 6.1. In order to obtain the kinematics with respect to the base frame Oy,
the transformation matrix resulting from Table 6.1 (denoted as 7)) is pre-multiplied by a
transformation matrix. Also, in order to align the frame to O, including 2L translation, the

transformation matrix is post-multiplied by another transformation matrix.

0
R —M\g(—T 0 Rm TV (E) 2 (E 0
f]_— y( 2)( 2) TD ( Q)y(z) (2) (66)
0 1 27,
0 1

Table 6.1: DH parameter for the main directional joint.

i Qi1 ai—1 d; 0;
1 0 05L 0 0py,
2 /2 0 6Op,
3 —m/2 L 0 0Opy
4 w/2 L 0 6Op,
5 —m/2 L 0 0Opy
6 /2 L 0 6Op.
7T —m/2 L 0 bp,
8 /2 L 0 6Op.
9 —7w/2 L 0 Opy
10 7/2 L 0 0Op:
11 —w/2 L 0 0Opy
12 7/2 L 0 6Op.
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Figure 6.9: Top (x-z plain) view of the Roboscope’s flexible joint. The segments with odd
index rotate about their z-axis which has the same direction as z; and the ones with even
index rotate about their z-axis which has the same direction as 2z

6.3.8 Coupling terms AZTC,i and Al

The motion of the tool directional joint and the tool insertion length is coupled with the
main directional joint. Fig. 6.10 shows one segment of the main directional joint with 6p,
rotation. As it is illustrated, the length of the each actuation joint varies when the main
directional joint moves even though the tool directional and tool insertion motors are not
actuated. The change in the tool directional joint’s actuation cables for each segment caused

by y-rotation (Alre,, (i = 1,2,3)) is calculated as follows.

Alreys = d - [ToiTEl (6.7)
(TeiTéy)y = TaiO + Ry (0p,)OTY, (6.8)
- dsin(6
|TCzTéZ|y = ((ZL’TCiSZTL<HDy) — Trci + %)2
d . dsin(6 1
+ (5 — xpcisin(fpy) + %)2> 2 (6.9)

where zr¢; is the x component of the point T¢; and R, (6p,) is the rotation matrix for
p, around y-axis. 6p, is calculated from the eq. (6.5). For the x-rotation, the change in

the actuation cables for each segment becomes
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dsin(0p,
Teiltil = ((chiCOS(HDx) — yres + %)2

+ (g — yroisin(fps) + WV) 3

. (6.11)

yrc; is the y component of the point T¢;. Since there are N, and N, segments for each

rotation, the total change in the actuation cable displacement for each actuation cable is

AZTC',Z' = NyAZTCy,i + NxAiTCx,i (612)

Figure 6.10: One segment of the main directional joint. Left: top view. Right: rotated 0p,
about y-axis. The segments of the actuation cables are straight lines whereas that of the
tool is an arc.

The total change in the tool insertion length is calculated in the same fashion.

Alr = N,Alp, + N, Alp, (6.13)
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However, from observation, the tool segment has an arc shape rather than a line when
it’s bent. Considering the arc shape, the change in the tool insertion length (AZTy and AiTm)

caused by 0p, and 0p, respectively are calculated as follows.

Alp, = d —lp, (6.14)
lry = Opy/KD
2c0s(0py/2)
K/D =
[T,y
and
7 |ﬁ|m
Alpy =d — ————=0p, 6.15
g 2c05(0py/2) - (6.15)

where kp is the curvature of the arc, [TT’|, and |TT’|, are the distance from T to T” (in
Fig. 6.10) for one segment after 6p, and 6p, rotation.

The roboscope has two instruments. So far, the coupling terms for only one of the tools
(eq. (6.12) and (6.13)) are shown but since the calculation procedure is exactly same for

both tools, the detailed derivation for the other tool will not be discussed here.

634 eG’x; eGy to lTC,i and ZTC’,i

The lengths of the three actuation cables for the tool directional joint (Ir¢; (i=1,2,3)) are
controlled by the motion of the gimbal and swash plate. Therefore, the resultant cable length

is written as a function of gimbal angles 0, and 0, as follows.

GioPi = —Gio+ P; (6.16)
G;P, = —R,(0cy)R:(0c:)G; + P (6.17)

lre; =lo — (|GiB| — |GioBl) (6.18)
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where G is the point cable is fixed on the gimbal, G, is the position of G; when 0, =
¢y = 0, P; is the cable guide point on the tool assembly (Fig. 6.3, 6.11), R, and R, are the
rotational matrices, and [ is the initial length of the actuation cables.

As the main directional joint rotates, the length of the actuation cable also varies. This
coupling term (AZTCJ;) is calculated in section 6.3.C. The resultant cable length lATC,i with

the coupling is expressed as follows.

Irci = lrei + Alre; (6.19)

Since the spring has its minimal (compressed) length (Ls ., = 5mm) and maximal

(natural) length (L mar = 9mm), the resultant cable length is constrained by these values.

Cable Drive
Gimbal

Cable Guide
Points

— ©y,MOTOR

Figure 6.11: Schematic drawing of the gimbal and the cable guide points. Cable length
|G P;| changes as the gimbal rotates about its x and y axes.

6.3.5 ZATC,i tol, ¢, k, and Alpr

The arc parameters of the tool directional joint in configuration space (I, ¢, and k) are

obtained from the lengths of the tool directional joint’s actuation cables (ZATCZ) Since the
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tool directional joint consists of a helical spring, calculation of the kinematics is performed
based on two assumptions presented in [22] and [9]:

1. The center curve of the helical spring is always in a plane.

2. The piecewise curvature of the helical spring is constant.

Besides, it is assumed that the tool separation spring is stiff enough and it will not be
compressed while actuating the tool directional joints. Fig. 6.12 illustrates the locations of
the actuation cables for the tool directional joint and the relationship between the bending
plane of the joint ¢ and the actuation cable locations are shown. The arc length [, bending

plane ¢ and curvature of the arc  for the left tool are expressed as follows.

lrca +lrep +lres

] = 6.20
: (6.20)
fres —
6= tan*l( 3llres = lrca) ) (6.21)
V3(lrca +lres — 2lrca)
2 Byt Bt B e oz e e brealics .
K= . A . .
r(lrcy +lrea +lres)
For the right tool,
3(lres —
= tan’1< A( Tes TC’I)A ) (6.23)
V3(Q2lrep — lres — lrea)

Note that lATC,Z» are based on the gimbal hole locations defined in Fig. 6.11 which represents
the configuration of the left gimbal. Therefore, for the right tool, the frame for the gimbal
and the index for the hole location ¢ should be defined such that they match the ones for
the tool directional joint and lATQZ- should be calculated based on that.

The coupling effect Alpy caused by the tool directional joint’s motion is simply the

difference of the initial spring length [/, and current length of spring.

Alpp =1, —1 (6.24)
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Actuation Cable

Right Tool % (+)0°  Left Tool
@, = 60° — / $r=-9
@2:1800_(;) (p2=120°—(p
(p3=3000_(p (}')3:2400—(}?

Figure 6.12: Front view (x-y plain) of the flexible manipulator. The actuation cable locations
(¢;(i=1,2,3)) are shown and those locations are related to the bending plane of the joint ¢.

6.3.6 1, ¢, and Kk to Pr

A transformation between configuration space and task space for the tool directional joint
can be performed using the robot-independent mapping described in [30] and [84]. With a
consideration of aligning the tip frame with the base frame, the transformation matrix is

expressed as

cos? p(coskl — 1) + 1

— cos ¢ sin kl

0

sin ¢ cos ¢(cos kl — 1)

— sin ¢ sin Kkl

0

cos ¢ sin Kkl

sin ¢ cos ¢(cos kl — 1) cos? ¢(1 — cos kl) + cos kl  sin ¢ sin kI

coskl

0

cos ¢(1—cos kl)

K

sin ¢(1—cos kl)

K

sinkl
K

1

(6.25)

During operation, the sheath is removed and the tool directional joints rotate by 20°

outward as in Fig. 6.5. Also, there exists offset in x and y axis from O, to z-axes of both of
the tool frames. Therefore, to find out the tool’s orientation and position in it’s frame, f3 is

pre-multiplied by a transformation matrix accordingly.
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Ptx
Ry(+200) P,
=" Yy (6.26)
lp
0 1

where Py, and P, are the x and y positions of the tool frames with respect to O, (Fig.
6.12). Ip is the length of the rotating base of the tool directional joint (Fig. 6.5).
6.3.7 Prr and Roboscope’s Task Space P

As in Fig. 6.6, the tool’s task space Iy is

Iy = lp + Alp + Alpr (6.27)

There exists an initial offset from the tip of the tool directional joint to the tool joint
(linit = 10mm). Also, the maximum stroke distance of the tool insertion is l,q, = 26mm).
Therefore, the range of 7 is linir < I < linit + Lnae- Besides, the tool can be rotated about

its long axis (¢r). Thus, the transformation from l} to Prp becomes

0
R, 0
f3 _ (¢T) A (628)
It
0 1

Finally, the roboscope’s task space P can be obtained by combining all the task spaces

02, PT, and PTT-

P = fifafs (6.29)
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6.4 Experiments and Results

The kinematic model developed from the previous section was compared with experimental
data. Specifically, the pose of all joint when the main directional joint was rotated about
its y-axis and x-axis were investigated. In the process, the rotation of the tool directional
joint, namely the orientation of the gimbal and the tool insertion were constrained in order
to observe the pure coupling effect. For the y-rotation, the positions of the main directional
joint (Os), tool directional joints (Pr), and tool tip (P) for both left and right arms were
collected using a sheet with 1 mm grid (Fig. 6.13). From both the model and experiment,
no motion in y-axis direction was observed. Therefore, only x-z 2D data will be shown. For
the x-rotation, even though the actuation of the main directional joint is planar (y-z plane),
the coupling effect causes the arms to bend in the x-axis direction. Hence, the data consist
of 3D points. As the left arm and right arm are symmetric about the y-z plane (Fig. 6.17),

only the data for the one arm (right arm) was collected.

Fig. 6.14 shows the results for the y-rotation. The positions of the left arm’s tool
directional joint obtained from the kinematics are the same regardless of the coupling term.
This is because the actuation cables for the tool directional joint become slack when extra
length is given due to the coupling and they do not push and extend the tool directional
joint’s spring (this constraint was added to the model). At the first look, for the right arm,
the model without the coupling correlates with the experimental data better than the case
with the coupling. However, since the error from the main directional joint is added up
for the tool directional joint and tool tip, it is difficult to tell which joint caused the error.
Therefore, the position of the main directional joint from the experiment was numerically
changed to the values obtained from the model. Fig. 6.15 shows the results of the tool
directional joint and tool tip after error de-coupling. Errors between the experimental data
and the models with and without the coupling are shown in Fig. 6.16. As Table 6.2 indicates,

the average error was reduced about 40 - 50% with the coupling terms.

The model and the original results from the x-rotation experiment are shown in Fig. 6.17
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Figure 6.13: The experimental setup to verify the kinematic model. Data in x-z and y-z
planar motions were collected using 1 mm grid paper. The positions with the yellow circles
were recorded (the positions for the main directional joint were calculated based on the
measured points with a constant offset).

and the plots after correcting the error from the main directional joint are shown in Fig.
6.18. The model with coupling is required to capture any of the x-axis motion of the tool
directional joint and tool tip which is not captured without the coupling term at all. The
coupling effect in the y-z plane is not as significant as it was for the y-rotation. However, the
average error was improved by about 30 - 40% due to the coupling term (Fig. 6.19, Table
6.3).

Even with the coupling term, 2-5 mm of error still exists (Table 6.2, 6.3). Due to the
uneven friction of each joint section caused by roughness and imperfectness of the 3D printed
parts, each section of the main directional joint turns individually. This broke the assumption
of the constant curvature and therefore, brought some errors. Besides, stick-slip friction of
the actuation cables inside the joints and the complex response of the cable such as non-linear

stretch and hysteresis [56] could contribute to more errors.
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Figure 6.14: Positions of the main directional joint, tool directional joints, and tool top when
the main directional joint is rotated about the y axis. Kinematic model with and without
coupling term was compared with the experimental data.
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Figure 6.15: Positions of the main directional joint, tool directional joints, and tool top when
the main directional joint is rotated about the y axis. Experimentally obtained data were
corrected based on the position of the main directional joint obtained from the model.

6.5 Workspace

The workspace of the main directional joint and tool directional joint (left and right) is

calculated individually based on kinematics. The base frame of each joint and notations of
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Figure 6.16: The error between the model and the experimental data. The average error is
summarized in Table 6.2.
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Figure 6.17: Left: Model calculated (with coupling) points of both left and right arms. Right:
Positions of the main directional joint, right arm tool directional joint, and right arm tool
top when the main directional joint is rotated about the x axis.
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Table 6.2: Average error in [mm] and % improvement for the y-rotation experiment.

90
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Figure 6.18: y-z plane (left) and x-z plane (right) plots of the model with and without
coupling and experimental data after the correction when the main directional joint is rotated
about the x axis.

the left and right tool location are assigned as shown in Fig. 6.20.

The main directional joint consists of 12 segments; 6 segments rotate about the x-axis and

the other 6 rotate about the y-axis. x and y rotation segments are connected alternately and

all segments have a range of motion of +30 degrees. It is assumed that all segments for each

x and y rotation rotate equally and have a constant curvature. Using Denavit-Hartenberg
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Figure 6.19: The error between the model and the experimental data. The average error is
summarized in Table 6.3.

(DH) convention, the kinematics is obtained and the result is shown in Fig. 6.21. Fig. 6.22
shows the shapes of the main directional joint when it is at Py 1, Pao, and Py gs.

The workspace of the tool directional joint is shown in Fig. 6.23. Pictures of the tool
directional joint when the position is Pr;, Prg, and Prg3 are shown in Fig. 6.24. Since the
spring has its minimal (compressed) length (L ., = 5mm) and maximal (natural) length
(Ls maz = 9mm), 6l; is constrained by these values.

Calculated and measured angles of the main directional joint at Py, Pu2, Pus and

tool directional joint at Pr;, Prga, Prs are summarized in Table 6.4.

6.6 Conclusion

This chapter presented the calculated and measured kinematics of the Roboscope, a mini-
mally invasive surgical robot with two-arm flexible manipulator, including the coupling effect
due to serially connected multiple staged joints. The flexible joint’s segments were designed

such that all the actuation cables are constrained and cause no unpredictable and excess fric-
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Table 6.3: Average error in [mm| and % improvement for the x-rotation experiment.

Without Coupling With Coupling % Improvement

MainDir 6.209 - -
ToolDir Right 3.771 2.371 37.1
ToolTip Right 7.441 5.447 26.8

Figure 6.20: Top: Frame assignments for the joints. z; and 2o are along the center of the
main directional joint. Bottom: Lengths of the main directional joint (Ljy), tool directional
joint (at its proximal limit (Ly,) and distal limit (L74)), and spring in the tool directional
joint at its natural or maximum length (L maz)-

tion. The calculation step and the mappings between actuator space, configuration space,

and task space of each part of the joint were shown in detail.
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Figure 6.21: Simulation of 2D manifold workspace for the main directional joint. Position
of Oy with respect to O;.
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Figure 6.22: Shapes of the main directional joint when the positions are Py (left), P2
(middle), and P35 (right).
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Figure 6.23: Simulation of workspace for the tool directional joint. Positions of the left tool
Pr, and right tool Pr are with respect to Os. Sp; and Sk show the workspace when the
tools are at the proximal limit and S 2 and Sk 2 show the workspace when the tools are at
the distal limit. The whole workspace of each tool is the space covered by linear projection
of inner to outer surface. (i.e. S to Sp for the left tool and Sk to Sgso for the right
tool).

The experimental result showed that constraining the actuation cables by designing the
flexible joint accordingly and modeling the coupling effect improved the position error by
30 - 50% compared to the case ignoring the coupling effect. However, the 3D printed joint
segments caused uneven friction throughout the main flexible joint and propagated the error
to all the other joints. This friction needs to be reduced by making the joints with higher

precision.
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Pt Pr2 Pra

Figure 6.24: Shapes of the tool directional joint when the positions are Pr; (left), Pr
(middle), and Prgs (right).

Table 6.4: Roboscope joint bendable angle.

Position Angle

Calculated Measured

Phra 180° 180°
Main Directional Joint Py 256° 251°
Pyrs 180° 180°
Pr, 51.7° 52°
Tool Directional Joint Pry 51.3° 51°
Prs 51.7° 50°

)

In order to further improve the accuracy, errors caused by stick-slip friction of the actu-
ation cables inside the flexible joint as well as complex cable behavior including non-linear
stretch and hysteresis need to be studied and compensated.

The workspace for the main and tool directional joint is obtained individually. Since
there are effect of coupling, the presented workspace for the tool directional joint is correct
only when the main directional joint is straight. When the main directional joint is bent,

the tool directional joint’s workspace deviates from the one presented.
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