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ABSTRACT wrenches require an impossible compression force in one or more
Cable-suspended robots and haptics iate$ are appealing cables. Despite actuation redundancy, there exist aoéspn the
because of their structural simplicity, high stiffness, and high exerted kinematic workspace where some cables can lose tension. Roberts et
wrench-to-weight ratio. A major drawback is that cables cannot push al. (1997) developed an algorithm for CSRs to predict if all cables are
but can only exert tension. Therefore, actuation redundancy is under tension in a given configuration while supporting the robot
required; even so, certain configurations and wrenches will fail since weight. None of these previous papers have presented CSR or CSHI
they would require one or more cables to push. The objective of this design for optimal wrench exertion.
paper is to present the best design for a planar cable-suspended haptic
interface with regard to largest workspace with general wrench
exertion in light of this cable tension problem. There are infinite
designs with infinite wrenches to apply; therefore, the best and worst
designs are found by extensive computer simulation given a
reasonable quantification of the problem parameters.

INTRODUCTION

A haptic interface is a device which can exert wrench
(force/moment) and/or tactile feedback to the human from virtual
reality and/or remote environments. The current paper focuses on
wrench feedback. The Cable-Suspended Haptic Interface (CHSI) Figure 1. Four-Cable Planar CSHI Prototype
studied in this paper is an extension of two recently-developed
technologies in cable-suspended robots (CSRs) and stringed haptic  The objective of the current paper is to present the best design for
interfaces. An early CSR is tiRobocraneleveloped by NIST for use the 4-cable planar CSHI considering general wrench exertion in
in shipping ports (Albus, et. al., 1993). This device is similar to an general configurations. This work equally applies to CSRs which
upside-down six-dof Stewart platform (Stewart, 1966), with six cables exert general wrenches on their environment (not just supporting the
instead of hydraulic-cylinder legs. In this system, gravity is an implicit robot weight). This paper begins with a description of CSHIs,
actuator which ensures cable tension is maintained at all times. followed by CSHI statics modeling and tension optimization, and then
Another CSR is Charlotte developed by McDonnell-Douglas design for wrench exertion.
(Campbell, et. al., 1992) for use on Internationakc®p Station.
Charlotteis a rectangular box driven in-parallel by eight cables, with CABLE-SUSPENDED HAPTIC INTERFACE (CSHI)
eight tensioning motors mounted on-board (oneach corner). Four This section describes the 4-cable planar CSHI and the 8-cable
stringed haptic interfaces have been built and testedgettes 9-string spatial CSHI, including a brief discussion on CSHI kinematics. The
(Lindemann and Tesar, 1989), t82IDAR(Ishii and Sato, 1994), the design focus in this paper is the planar case.
7-cable master (Kawamura and Ito, 1993), and the 4-cable planar
CSHI (Fig. 1, Williams, 1998). Cable-suspended robots and haptic Planar and Spatial CSHIs
interfaces can be made lighter, stiffer, safer, and maneogaical than The CSHI consists of a hand-grip supported in-parallel-bgbles
traditional serial robots and haptic intrés since their primary controlled byn-independent tensioning actuators; Fig. 2 shows the 4-
structure consists of lightweight, high load-bearing cables. One major cable planar case (Fig. 2a shows crossed cables and Fig. 2b shows
disadvantage is that cables can only exert tension and cannot push omon-crossed cables) and Fig. 3 shows the 8-cable spatial case
the single moving link. All of the devices discussed above are (Williams, 1998). Each cable actuator system includes a torque motor,
designed with actuation redundancy, i.e. more cables than wrench-cable reel, tensioning mechanism, plus cable length and force sensors.
exerting degrees-of-freedom (except for thHeobocrane with For 3-dof planar operation, there must be at least 3 cables and for 6-
tensioning by gravity) in attempt to avoid configurations where certain dof spatial operation, there must be at least 6 cables. Since cables can
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only exert tension on the hand-grip, there must be more cables toaspect ratio) there are two problems: 1) Kinematic singularities exist
avoid configurations where the hand-grip can go slack and lose for all configurations in the nominal horizontal angle= 0; and 2)
control. Figures 2 and 3 show 4 and 8 cables independently controlledUncertainty exists due to multiple solutions in the forward pose
by 4 and 8 actuators mounted to the frame. This scenario representkinematics solution (the Newton-Raphson iteration yields a single
actuation redundancy but not kinematic redundancy. That is, for the answer but in certain cases it can branch between multiple solutions).
planar case there is 1 extra motor which provides infinite choices for When CSHI design does not use this symmetry, the CSHI is
applying 3-dof wrench vectors, but the hand-grip has only 3 Cartesian- singularity-free and a unique solution exists to the forward pose
dof (x, y, @. For the spatial case, there are 2 extra motors which kinematics (due to the overconstrained equations), assuming consistent
provide infinite choices for applying 6-dof wrench vectors, but the cable length inputs. These results also hold for the spatial case

hand-grip has only 6 Cartesian-dgfy, z, roll, pitch, yaw).

Cc

Figure 2a. Planar CSHI Diagram

Figure 2b. Non-Crossed Cables

(Williams, 1998).
The next section presents statics modeling and tension
optimization for theCSHL

CSHI STATICS

In this paper, the subspace of the kinematic workspace where all
cables are under tension given various applied wrenches is called the
static workspace. We assume human accelerations on the hand-grip
are small and thus the device may be controlled in a pseudostatic
manner. Statics modeling and tension optimization in attempt to
ensure all cables are in tension are presented in this section. This is
required in the design process presented in the following section.

Statics Modeling
This section presents statics modeling for CSHIs. For static

equilibrium the sum of external forces and moments exerted on the
hand-grip by the cables and gravity must equal the external wrench

=T -y exerted on the human hand. Roberts et al. (1997) Presented statics
(e equations for CSRs. Figure 4 shows the statics free-body diagram for
the planar CSHI (crossed cables).
| D
= F Fs

Figure 3. Spatial CSHI Diagram

CSHI Kinematics
Haptic interfaces are used for botiput and output. The pose A
(position and orientation) of the hand-grip may be calculated via cable =
length sensing and forward kinematics and used to command the pose F
or velocity of objects in the virtual/remote world. The device is used
as output when reflecting wrenches to the human user via statics
modeling and tension optimization in attempt to ensure all cables are
in tension. Simulated object weight, mass moment of inertia, stiffness,
dynamics loads, and environment contact forces may thus be felt.
Assuming all cables always remain in tension, CSHI kinematics is

o
Vs T

Figure 4. Planar CSHI Statics Diagram

The statics equations are:

similar to in-parallel-actuated robot kinematics (e.g. Gosselin, 1996). n n o
In CSHI simulation for design, the inverse pose kinematics solution is z F+mg="Fg z&ﬂq RFecxmg=Mg (1)
required and is straight-forward (given the pose, calculate the cable =1 =1

lengths). The forward kinematics problem requires the solution of \where F=-F L is the vector cable tension applied to itheable (in
overconstrained coupled nonlinear equations and is more difficult. A

Newton-Raphson numerical solution is employed, where the the negative cable length unit dlrectldn becauseF must be in
overconstrained Moore-Penrose pseudoinverse is used in the iteration
The CSHI inverse Jacobian matrix is closely related to the Newton-
Raphson Jacobian matrix and the statics Jacobian matrix.

These kinematics solutions are all presented in (Williams, 1998).
In that article it was discovered that symmetry is not a good attribute the rotation matrix relating the orientation dfi{to {0}, h is the

in CSHI design. For the planar case, if the ground link is of the same ysition vector from the origin o} to the ™ cable connection (only
shape as the hand-grip (i.e. both squares or both rectangles of identicaP

tension), m is the hand-grip mass anq is the gravity vector,

M;=Rh xF, is the moment due to ti€ cable tension, l ORJ is
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hs is shown in Fig. 4)} P is the vector to the hand-grip center of

. where [,] is the identity matrix of ordem, {Z} is an arbitraryn-vector,
mass from the origin of{}, and F; and My are the vector force and Inl Y {z m

+ _[alT Tt .
moment (taken together, wrench) exerted on the human hand. nd [Al" =[A] ([A][A] ) is the underconstrained Moore-Penrose

yields: solution which maps # to the null space of4]. An equivalent
expression for Eq. 4 is:
[AfF} =g -6} @ .
- (F1=[A" e -c}+ 3 oy} Q
where {F}:{F1 F, - Fn} is the vector of scalar cable forces, E

_ 0pH T . .
{G}—{mg R PCmeg} s the vector of gravity loading, where the homogeneous solution is expressed as the summof

{WR}:{FR MR}T is the external wrench vector exerted on the independent null vectordN} of [A], multiplied by scalarsy. For the
h the b 4-cable planar CSHEF} = [A]"{Wi - G} + a{N;} sincen-m=1. The
tension optimization algorithm is presented below, with reference to

human by the hand-grip, and the Statics Jacobian mAdris:[

0 0 the specific form of Eq. 5:
Wl o ol o iolihl @
B‘l hl 2 % 2 n H nD [FJ_D D:PID [nlD

From the duality of force and velocity, this matr® s closely related {F}= E:::z @: %PZ @+ ay Q‘ZQ (6)
to the CSHI inverse velocity Jacobian mati]{ [A]=-[M]" . ng EFWE EFE
this paper gravity is assumed to be perpendicular to the CSHI plane so 4 P4 4
G={0}in Eq. 2.

The statics equations can be used in two ways. Given the cabIeWhere Fpi is thei™ component of the particular solution angis the
tensions £} and eachLl, from kinematics analysis, forward statics i component of the null vectdn, } .

analysis calculates the external wrenMR} applied, using Egs. 2.
Inverse statics analysis (calculate the required cable tenskns {
given the commanded external wrer{WR} and eachl:i ) is required
for tension optimization control so the human can W} at the
hand-grip. This is presented in the next subsection.

Tension Optimization Algorithm
Calculate the inverse pose kinematics and JacoBijan [

Calculate the particular solutlc{rer}— [A] {WR - G}.
« Al Fp; >07? If YES, within Statics Workspace, QUIT.
*+ IfNO, calculate{Nl}; then, only for those=p; <0:

Tension Optimization * Calculatea=-Fp;/n, to makeF =0

For CSHIs with actuation redundancy, Eq. 2 is underconstrained «  Choose maximum of these to bg
which means that there are infinite solutions to the cable force vector
{F} to exert the given wrench. In this paper, the process of choosing «  Calculate total solutiofF} = [A]* {wg - G} + ay{N;}
{F} so that Eq. 2 is satisfied and all cable forces are positive is called « Al />07? If YES, within Statics Workspace. If NO, not
tension optimization. Roberts et al. present an elegant method for
determining if a vector of only positive cable forces exists for CSRs
under gravity loading only. This algorithm could be extended to
CSHls with general wrench exertion, but for the planar 4-cable case
(also, the spatial 7-cable master of Kawamura and Ito, 1993) with only
one degree of actuation redundancy, a simpler method is developed in

within Statics Workspace.
QUIT

Example: Boundary of Static Workspace
Givena = 0.1,b = 0.3,¢c = 1, crossed cableg,= 0.2,y = 0.2,

this section. @=18, and the wrench{WR}:{l 0 O}T, the tension algorithm
The CSHI cable tension optimization problem is stated: minimize vyijelds the solution:

{ F} subject to constraints Eq. 2 ari§l = f wheref is a small positive (25093277 [10.05530] [-0.5904]

value. Given the desired external wrerfutiz} applied by the hand- BL5215265 5—06275 %03595

grip and eachl; from kinematics analysis, the required cable forces {F}=0 D 0 D D’0586 424 9495—0001% @)

{F} are calculated by inverting Eq. 2. Since cables can only exert 80735144 H0.2683H H-0.72264

tension (and cannot push on the hand-grip), generally actuation
redundancy will be required to exdii} with no slack cables. That o relatively large negativey is required to change the third particular

is, we requiren > m, wheren is the number of cables amdis the force solution component (originally negative) to zero. For the
dimension of the Cartesian space. The general solution is: . . . ) o
identical example, incrementing the angle by one degpeel9°, the
tension algorithm yields the solution:
{F} = A1 v - 6} + (1]~ [ (A @
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components, and eight permutations for the combined wrenches of

4728297 [10.0538[0] [0.58427 three components. Therefore, feach of the 164, b] designs, we
B—S0.041E 5—0.629(5 %0.363(8 have 26 wrenches to consider (416 computer _S|mulat|ons — searching
{F} =0 0=0 CE+ 81.029 O (8) over allX, Y, @ generally takes more than one minute each).
o 0 g 7058 000072 For each simulation, we considgrrotation at a grid oKY points
H-58553H H0.2657H H-0.725H covering X0[0.15 0.85 and YO[0.20 0.80], determined by
fitting the largest desigra[ b] = [0.3, 0.4] in the ground link=1.
The null vector{Nl} and the particular solutio{FP} are steady, but Considering pitch ranges of the human wrist (when the hand

the third component ofN;} has changed sign. This causes scalar 9rasps a cylindrical hand-grip mounted perpendicular to the
rectangular 4, b] hand-grip link center), a nominal desired rotation

range is@p=145". We wish to satisfy this statics workspace design
requirement at aKY points for all applied wrenches.

correction a and total cable force solutionFf to have high

sensitivity. In order to change the third particular solution component
to zero, now the other thred=§ components become negative and
hence infeasible. If a smalley is chosen, the third component will

remain negative. Thus, we have found the boundary of the staticsDesi n Process
Deslign Process

workspace for this example at this configuratiop=18 is the This subsection presents the numerical design search process for
maximum feasible angle, even exploiting the actuation redundancy.  determining the best 4-cable planar CSHI for wrench exertion.
The next section uses the above tension optimization algorithm to
determine the best 4-cable planar CSHI design for general wrenchFor a given &, b] design.
exertion in general configurations. For a given commanded wrench, find the maximum apdgtalled
max ¢ for which the tension optimization algorithm yields positive
cable forces at eacklY workspace point. Repeat for &Y points. An
CSHI DESIGN FOR WRENCH EXERTION example result fom = 0.1,b = 0.3,c = 1, crossed cables, and the
. . . wrench {WR}:{l 0 O}T is shown in the surface (and related
This section presents the parameters, design process, and results . ]
for determining the best 4-cable planar CSHI design with regard to contour) plots of Figs. 5. Theesults are always flipped about tie
wrench exertion. The design approach involves extensive CSHI direction compared with thegtresults (as shown) so we need only

computer simulation. consider the ¢ motion for design purposes. For each individual
wrench simulated, record the biggest possible angle MAX @ghathe
Parameters smallest possible angle MIN(mag), and the average of all max

gpangles AVG(maxg), over all XY locations The MAX and MIN
Assuming a square ground link, there are only three design results are for singl®Y points, while the AVG results are for AV.
parameters for the 4-cable planar CSHI: hand-grip rectangular For the example in Fig. 5, MAX(maxg) = 82, MIN(max

dimensions andb, plus square ground link sidgsee Fig. 2a). If we — 1o - . —
normalize withc=1 (the results may be scaled as needed), we have two ¢ =12 ,and AVG(max ¢)= 563" for the spdirection, and

design parametem andb. In early statics and tension optimizaton ~MAX(max ¢ = -82", MIN(max ¢ =-12",and AVG(max
computer simulation, it was discovered that crossed cables (Fig. 2a)g) = -56.3" for the direction.

are greatly preferable to non-crossed cables (Fig. 2b), particularly in Repeat this procedure for all commanded wrenches for the given
exerting moments. Therefore, this design search focuses on the[agb]  design. Summarize  the limiting  conditions,
crossed cable case. minimurMAX(max ¢}, minimundMIN(max ¢}, and

Since there are an infinite number af p] designs possible, plus minimurfAVG(maxg)} over all wrenches for thgiven [, b] design.
an infinite number of wrenches to exert, these issues were made finite

for design searches as follows. The design parameters were allowed tq-y 5] [a. b] designs.

vary asa = [0,0.1,0.2,0.3] and = [0.1,0.2,0.3,0.4]. Note=b=0 is Repeat the above procedure for allf] designs. Plot MAX(max

not a feasible design, henbestar'ts from O.l._ This 'yiel(_js a design , MIN(max ¢, and AVG(maxg) for all [a, b] designs. Choose the
search space of 16 members; a finer search is possible if warranted, b“?est and worst designs. To find the best design, one could fit surface

“infinite” wrenches must be considered for each design case. functions to the MAX, MIN, and AVG data over al, [b], write an
For the planar case, a general wrench to reflect to the human handobjective function de’pendént on MAX(mag) MIN’(me;x ®, and
is We}={Fx Fy M}". Our definition of “infinite” wrenches for AVG(max ¢ ,and then perform an optimization technique to

the purpose of design is as follows. We consider single wrenches (2maximize this objective function. However, for a small number of
elements Of{WR} are zero)+F, , +F,, and +M, ; we also consider design candidates (16 here), the best and worst designs can be chosen
manually. MIN and AVG are more important than MAX in choosing

the best design since we desire good angle dexterity at all XY
+F, +M,; also combined wrenches of three components |ocations.

combined wrenches of two component§, +F,, +tF, +M,, and

+Fy £ F, £ M, . We consider only values af fbor eachnon-zero

wrench component. This is fine for single wrenches since the results
scale for different magnitudes. However, this is a limitation for the

combined wrenches. There are six permutations for the single
wrenches, twelve permutations for the combined wrenches of two
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Figure 6b. minimumMIN(maxg) Desigh Results

Summarize.
For the best (and worst) designs determine the minimum value of ad
max @ considering ALL wrenches at eactY location. Plot these
results overXY to demonstrate the minimum extent of the statics 015 L
workspace for the best (and worst) designs in exerting all wrenches.
Repeat for the uncrossed cable cases, for best and worst designs a3 &
determined above. . &
oozs ¥ &
Results i & %
Figures 6 present contour plots for the MAX(mgx MIN(max 018k o ® &
¢, and AVG(max ¢) for all [a, b] designs. These results are the
limiting cases, i.e. theminimum MAX(max ¢, MIN(max ¢, and a1 - - =

AVG(max ¢ for all wrenches at eacla,[b] design. The plot range for
these figures is the design spaag], rather than the physical CSHI ) . .
XY space of Fig. 5. For certain design candidates in certain Figure 6¢. minimumAVG(maxg) Design Results
configurations with certain wrenches, there was no limit in terms of
statics workspace. That is, the tension optimization algorithm yielded
all positive cable forces for all angles Therefore, an artificial limit

of =180 was imposed, as evident in the MAX results, Fig. 6a. The
results in Figs. 6 are for 16 discrete design points vathe largest MAX values are the artificial limit 0180 in the plateau

[0,0.1,0.2,0.3] and = [0.1,0.2,0.3,0.4]. Units adeg shown to the right. In Fig. 6b the smallest MIN values are5all
alonga=0.3, for allb values; all MIN values are all5" alonga=0, for

Figures 6 summarize the results from the 416 computer
simulations (16 designs with 26 wrenches each). In Fig. 6a the

smallest MAX values are ald5 alonga=0, for all b values; the

all b values; the largest MIN value #0° at the single design poirg, [
b] =[0.2 0.1]. In Fig. 6¢ the smallest AVG values are3ll" along
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a=0, for all b values; the largest AVG values are greater thaf Figures 7 and 8 are for theptase; theg results are flipped about

along thea=b ridge. Thisa=b ridge also yields high MAX results but ~ the X direction, as demonstrated in Figs. 5b and 5d.

not the best MIN results. In Fig. 7 we see that the MIN value &0 is only the limiting
As mentioned earlier, tha=b designs are to be avoided because cage in a small subsection of the workspace. This MIN valé&'is

square ground link / square hand-grip symmetry leads to kinematic

singularities for allXY when ¢@= 0 and uncertainty in the forward

kinematics solution. Howevera=b with a square ground link

generally leads to a good statics wodagp The MIN and AVG statics workspace withp=+45 is nearly satisfied with this best

results are more important in choosing the best design. Therefore,design.

there is one clear choice: thest designfor general wrench exertion

for a large portion of the useful statics workspace, and it excégds
in more area than it falls below®5 . The design requirement of a

_ _ In Fig. 8 the MIN value ofl5* is also only the limiting case in a
is [a,0] = [0.2 0.1] Its MIN value of 40" is far better than other  gmg|| subsection of the workspace. However, this MIN value falls

choices. Its AVG value o70" does not match thee=b ridge, but is below 45 for the entire useful statics workspace when exerting all
relatively hlgh In Secondary Consideration, Its MAX valued6f is wrenches so the design requirement(m +45 s a|WayS violated
not as high as possible, but is relatively high. with this worst design.

In & similar manner, therorst designfor general wrench exertion Now we return to the subject of crossed- vs. non-crossed-cables.
is[ab] =[0 0.4] The MIN value isl5 , the AVG value is321° , For the best and worst designs from above, results similar to those of

and the MAX value is45 . Other candidates for the worst design are Figs. 7 and 8 are given in Figs. 9 and 10. As seen in these results, the

bval | 0.3 si h | h hei non-crossed cable case is very poor for statics wadespvhen
anyb value along=0.3 since these MIN values abé; however, their exerting all wrenches. Note the “Best” design (highest values along a
AVG and MAX values are higher than the chosen worst design.

To better summarize results we now demonstrate the minimum small ndge ofl5" in Fig. 9) Is actually worse than the “Worst” design

extent of the statics workspace for the best (and worst) designs in(much of the workspace has the highest value®f). The reason is
exerting all wrenches. Figure 7 shows thaimund MIN(max @)} that best and worst were determined specifically for the crossed-cable
contour plot results for all wrenches, plotted over the physical CSHI case and obviously do not apply to the best and worst non-crossed-
XY space for the best design. Figure 8 shows the same for the worscable case. However, judging from Figs. 9 and 10, we need only
design. These figures show the smallest angles attainable by the CSHpursue the crossed-cable case (the focus of this paper before this
considering positive cable tension for exerting all wrenches over the point).

XY workspace area.
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