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Abstract

The study of the ability of a cable driven robot (CDR) to generate motion between poses (motion generation
capability) is important for many purposes such as motion planning and manipulator design. Existing analy-
sis approaches that study CDR capability primarily do so by evaluating the mechanism’s wrench generation
abilities. Due to the nonlinear relationship between wrench and motion generation, these methods typically
underestimate the true motion generation capability of a CDR and can result in conservative restrictions
in operation. In this paper, two new metrics derived from the available acceleration set are proposed to
better understand CDR motion generation capability. Using these metrics and the known properties of the
static workspace, the maximum acceleration and speed capabilities of the CDR are quantified. This new
information serves to better inform other technical aspects in the design, analysis and operation of CDRs,
such as in workspace design and motion planning. To illustrate the application of the proposed metrics, two
example robots are considered: a 2 link 2 DoF 4 cable CDR and a 6 DoF 7 cable CDR. The results show
the insights into motion generation and how it provides new information to be used within motion planning
and task scaling.
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1. Introduction

Cable driven robots (CDRs) are a class of mechanism where cable actuators are used in place of rigid links.
The advantages of CDRs include: increased reconfigurability, higher payload to weight ratio and potentially
larger workspaces. With these benefits, CDRs have been studied for a range of applications including
high-speed manufacturing [1], environment sensing [2], rehabilitation [3] and the analysis of musculoskeletal
systems [4].

A unique feature in the study of CDRs is that the actuating cables can only operate under tension
(positive cable force). This results in actuation redundancy and constraints on the system dynamics, creating
challenges in the control and analysis of these mechanisms [5, 6, 7]. As a result, the analysis of system
kinematics alone is not sufficient to determine if the manipulator has the capability to generate motion from
one pose to another (motion generation capability). Understanding of this capability is important in the
design [6, 8], trajectory planning [5, 9, 10, 11] and construction of paths for CDRs. Typically, analyses of
CDR capability consider the ability of the CDR to produce a set of desired wrenches [12, 13, 14]. This
analysis has predominately been performed using two tools: workspace metrics and workspace conditions.

Workspace metrics quantify a manipulator’s capability by studying the set of wrenches that the CDR
can generate (available wrench set). Examples of metrics include dexterity [15, 16], tension factor [17]
and capacity margin [14, 18]. Dexterity and tension factor describe the distribution of cable forces in
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producing arbitrary wrenches. The capacity margin represents the shortest signed distance between the
set of wrenches to be generated (desired wrench set) and the available wrench set, providing a measure
of the CDR’s robustness in producing the desired wrench set. Existing CDR metrics primarily focus on
desirable manipulation qualities for the design of CDRs and therefore perform the analysis on the wrench
set. However, wrench capability does not necessarily reflect the ability of the mechanism to produce motion.
For motion generation purposes, an accurate measure of capability can be determined by direct analysis of
the available set of joint velocities and accelerations. In serial robots, metrics such as dynamic manipulability
[19] have been used to analyse the capability of the robot to produce acceleration, however, this class of
metric does not take into account the unilateral actuation characteristics of CDRs.

While workspace metrics describe the wrench generation quality of the manipulator, workspace conditions
define whether a set of wrenches or motions can be produced at a particular pose. Using these conditions,
workspace analysis allows the capabilities of the manipulator to be studied by identifying the set of poses
for which a workspace condition is satisfied. A range of different workspace conditions have been studied to
consider different types of CDR capabilities, including the static workspace [20, 5], dynamic workspace [21],
wrench-feasible workspace [13, 22] and wrench-closure workspace [17, 23, 24].

The wrench-closure workspace (WCW) is a commonly studied type of workspace that is defined as the set
of poses in which any wrench can be produced when assuming that all cable forces are positive and unbounded
[23]. While the WCW has not been typically used to analyse motion generation, the ability to produce any
wrench means that the CDR is capable of producing all joint velocities and accelerations. This means
that any trajectory that lies within a connected region of the WCW can be executed [25]. However, since
motion generation only requires that there exists a single trajectory to connect two points, the generation of
wrenches in all directions is not necessary. The WCW is therefore a conservative representation of the set of
poses for which motions can be generated between, limiting its usefulness in the study of motion generation
capabilities. Furthermore, the WCW may not be practical for motion generation of physical CDRs as the
actual bounds of cable forces are not considered.

The wrench-feasible workspace (WF W) considers the set of all poses for which the desired wrench set can
be produced using given upper and lower bounds on the cable forces [12]. The use of the WFW can result
in less conservative estimates of the set of all poses for which a motion can be generated, by considering
only the subset of directions required. However, since both the WCW and WFW specify the desired set in
the wrench space, the choice of an appropriate wrench set for the purpose of motion generation is not clear
due to the effect of the nonlinear mapping between kinematic and kinetics.

The dynamic workspace (DW) considers the set of all poses for which a desired set of accelerations
and velocities can be produced using given upper and lower bounds on the cable forces [21]. Although
this workspace directly considers accelerations, velocities and bounds on the cable forces, it is difficult to
prescribe a desired set of accelerations and velocities in advance for analysing motion generation capability.
A special case of the dynamic workspace is the static workspace (SW'), where the desired accelerations and
velocities are set to be zero [26], representing the set of all poses for which the CDR can sustain gravity.
The SW has been suggested to have potential application in motion generation through task scaling [5, 27].
However, since this workspace only guarantees that the manipulator can remain in static equilibrium, the
application of the SW to the study of motion generation has been limited. As such, if the capability of the
CDR within the SW could be quantified, then the use of SW would be much more advantageous in the
study of motion generation since it typically represents a much larger set of poses than other workspaces.

In this paper, two new workspace metrics are proposed for the analysis of motion generation capability
within the SW. These metrics are obtained through the direct analysis of the acceleration space, where
the available acceleration set is introduced as the set of accelerations that can be produced by the CDR
for a given range of cable force bounds. From this set, the acceleration capability metric is defined as the
minimum signed distance between the available and desired acceleration sets. This proposed metric provides
an intuitive measure of the CDRs additional capability to generate motion at poses within the dynamic
and static workspaces. It is also shown that poses within the static workspace with positive acceleration
capability measure hold the property of local positive controllability. Using positive controllability theory
[28, 29, 30] and the acceleration capability measure, the mazimum controllable speed metric is then proposed
as an estimate of the maximum speed at which the positive controllability property is maintained for poses

2



within the SW. The insight into motion generation capability provided by these two new metrics is then
shown through the consideration of two different case study CDRs, where the advantages of using the static
workspace in combination with the capability measure for motion generation analysis are highlighted. These
simulations are performed using CASPR: an open-source cable robotics analysis and simulation platform
[31].

The primary motivation of this study is to increase the understanding of motion generation capability
through the establishment of new metrics. Metrics derived in the acceleration space, represent direct metrics
on the CDR’s capability to alter its kinematics. These metrics can be made trajectory independent, such
that they can provide new insight into a range applications including CDR design, task scaling and path
planning. Most of the existing analysis of CDR capability has made use of wrench based techniques. These
techniques can only be related to the system’s kinematics through a nonlinear velocity dependent equation
of motion, such that they are typically trajectory dependent and not proportional to acceleration capability.
Metrics obtained through direct analysis of the acceleration space therefore offer additional insight, by more
accurately quantifying the ability to produce motion which adds qualitative understanding of the CDR’s
true capability within the SW.

The remainder of the paper is organised as follows: Section 2 presents the background on wrench set
analysis and the capacity margin. Section 3 introduces the available acceleration set and the acceleration
capability measure. Using this measure, Section 4 presents sufficient conditions for the positive controllability
of CDRs and then presents the maximum controllable speed metrics as an estimate of the maximum speed
at which positive controllability is satisfied for SW poses. By considering two case study simulations, Section
5 demonstrates the use of the new metrics. Finally, Section 6 concludes the paper and presents areas of
future work.

2. Background on Wrench Set Analysis

The dynamics of a CDR with d degrees-of-freedom actuated by m cables, as shown in Figure 1, can be
expressed in the form

M(q)d + C(q,q) + G(q) + Wext = —L" (q)f, (1)

where q € R? is the generalised coordinates (pose), f = [fl fm]T € R™ is the cable force vector,
M € R4 is the symmetric positive definite mass-inertia matrix, C € R? is the Coriolis/centrifugal force
vector, G € R? is the gravitational force vector, Wexs € R? is the external wrench vector and L € R™*¢ is
the Jacobian matrix. The positive cable force constraint can be expressed as

0<f<f<H, (2)

where the bounds f,f € R™ represent the minimum cable force necessary to overcome slack in the cables
and the maximum allowable cable forces for safe operation, respectively®. Cable characteristics such as cable
mass and/or cable stiffness can be incorporated into the bounds f and f. This may result in pose dependent
bounds on the possible cable forces.

At a given pose, the available wrench set is defined as the set of wrenches that the CDR can produce.
Using the Jacobian matrix L and the constraint (2), the available wrench set can be expressed as

Wa(q) = {weR?: w=-LT(q)f, f € [f.f]}. (3)

Due to the linear form of (3), the available wrench set W, (q) possesses the shape of a special class of
polytope known as a zonotope[13]. A pose q satisfies the wrench-feasibility condition [12, 32] if the set of
all desired wrenches Wy(q) is contained within the available wrench set W, (q) such that

Wa(q) € Wa(q). (4)

aThe notation f < f < f indicates a component wise inequality such that iz < fi < ?i, Vie{l,...,m}.
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Figure 1: General Cable Driven Robot

The wrench-feasibility condition (4) is a general condition that can be used in the definition and eval-
uation of various other workspace conditions [13, 14]. For example, the wrench-closure condition can be
defined using (4), where W; = R” and the available wrench set is generated by (3) with f = 0 and f set to
infinity. Additionally, the static workspace condition can be defined with W; = G(q).

The relationship between Wy(q) and W, (q) has been used to study the robustness and/or quality of
the CDR capability[17, 14, 33]. One example of such a metric is the capacity margin. This metric has been
used as a measure of how robustly a desired workspace condition is satisfied [14]. The measure corresponds
to the minimum distance between Wy(q) and W,(q) and is mathematically defined as

s(@) = min (kfﬂf?,l S(j,k)(CI)) : (5)
where the degree of constraint satisfaction s(; »)(q) is the signed distance from the jth vertex of Wy(q) to the
kth face of W,(q) and p and [ represent the number of vertices of W;(q) and faces of W, (q), respectively.
The signed distance is defined such that if s(q) < 0, then W4(q) € W,(q) and the robot is not capable
of producing the desired wrench set at pose q. If s(q) = 0, the boundaries of the sets intersect, and the
satisfaction of Wy(q) C W,(q) is not robust to disturbances. If s(q) > 0, then the desired wrench set can
be produced at pose q and at that pose the system is robust to additional external wrenches provided that
[Woxell < s(a).

3. Available Acceleration Set and the Acceleration Capability Measure

The analysis of motion generation requires consideration of the system’s ability to produce joint accel-
eration and velocity. The wrench based tools presented in Section 2 could be used to consider these terms
through the use of the equation of motion (1). Due to the nonlinearity of this equation, its use typically
requires the explicit knowledge of the mechanism’s trajectories in advance. This requirement confines any
subsequent motion generation analysis to the understanding of the ability to produce defined trajectories
rather than the ability to generate any arbitrary path and trajectory. Furthermore, while acceleration is
related to wrench through the inversion of the inertia matrix, metrics on the wrench set are not always
proportionally related to an acceleration space equivalent. This result means that wrench based metrics
such as capacity margin cannot be used directly to infer the ability to generate kinematics and hence are
not accurate measures for motion generation capability.

In this section, acceleration set analysis will be considered in place of wrench set analysis to gain an
understanding of the ability to generate arbitrary motion. Section 3.1 introduces the available acceleration
set and shows that analysis of the capability to produce acceleration cannot be observed from wrench based
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measures such as the capacity margin. Section 3.2 then defines the acceleration capability measure as a
workspace metric which evaluates the distance between sets in the acceleration space. Finally, Section 3.3
shows that analysis of the acceleration capability measure at static equilibrium can be used to obtain a
trajectory independent measure of motion generation capability.

3.1. Awvailable Acceleration Set

From the CDR equations of motion (1) and the wrench set definition (3), the wrench set W,(q) can
be used to determine the allowable joint velocities and accelerations at a known pose q. Through (1), the
desired wrench set Wy(q) can also be viewed as a set of desired q, q and Wext to be produced. For each
fixed pose q, with known ¢ and wext, the capacity margin s(q) therefore represents the magnitude of the
term M(q)q that can be produced by the system. As a result, the capacity margin (5) can be used to
approximate the maximum joint acceleration ||g|| that the CDR is capable of producing in all directions
(acceleration capability). The bounds for the maximum joint acceleration can be expressed as

Tmin (M™H(a)) s(a) < &l < omas (M7 (a)) s(a), (6)

where 0,,in, (M ~1(q)) and 0,4 (M ~1(q)) represent the minimum and maximum singular values of the matrix
M~1(q), respectively. From (6) and the interpretation that W;(q) represents a set of desired ¢ and Wext,
kinematic limitations for the magnitude of the joint acceleration ||q|| are estimated.

The inequality (6) only provides an estimate on the mechanism’s true acceleration capability. As such,
the available wrench set that has typically been applied for analysis of system kinetics [14, 13, 12], is ill
suited for motion generation analysis. Compared with the estimated acceleration capability (6), the true
acceleration capability should be used in the study of motion generation. Analogous to the wrench set
W.(q), the available acceleration set A,(q,q) can be defined as the set of all accelerations that the CDR
can produce at a given q, q and Wext. Without loss of generality, it will be assumed that no external
wrenches act on the system such that Weyxs = 0 P. As such, the available acceleration set A, (q, ¢) for the
system (1) can be defined as

Au(q,q) ={aeR? ra=-LTf-C—-g, felff]}, (7)

where £(q) = L(q)M~'(q)°, €(q,dq) = M~*(a)C(q,q) and G(q) = M ' (q)G(q).

Figure 2 shows an example of the relationship between the sets W, (q) and A,(q, q) for a given pose q,
where the numbers indicate the corresponding edges of the sets within the wrench and acceleration spaces
and the sets are consistent with acceleration and wrench sets that could be obtained for a 2 DoF 4 cable
manipulator. For a given q and q, the mapping between W, (q) and A,(q, q) consists of a translation due
to gravitational and centrifugal/Coriolis forces as well as a matrix multiplication. As a result, A,(q,q) is
also a translated zonotope that possesses the same number of vertices and edges as W, (q), where the centre
is located at a, = —C — G.

An important artefact of the generalised inertia multiplication used in the mapping between W, (q) and
A, (q,q) is that the closest face used in the calculation of the capacity margin (5) may not be the closest
face to the corresponding point in the acceleration space, as a result of the different inertias associated with
each link. For example, in Figure 2 the point C(q, q) + G(q) is closest to edge 1, whereas the corresponding
point in the acceleration space (a = 0) is closest to edge 6. This means that, the capacity margin s is
not linearly related to acceleration capability. This effect explains the approximating nature of (6) with
the true acceleration capability. Therefore, it is more appropriate to analyse motion generation using the
available acceleration set (7) compared with the capacity margin, since it provides direct information about
the motion generation capabilities of the CDR.

PNon-zero Wext can be considered as a translation acting on the available acceleration set. If |[Wext| < w then the set
distance measures developed in the subsequent sections can consider unknown external wrench by suitable contraction of A,
by radius w.

©L(q) is defined such that £T(q) = M~1(q)LT(q). This means that £(q) = L(q)M ~T(q) = L(q)M ~1(q), since M(q) is
symmetric and positive definite.
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Figure 2: Available Wrench and Acceleration Sets

Since the available acceleration set A,(q,q) is a polytope, it can be mathematically described by a set
of ¢ linear inequalities in the form Da < e, where a € R?, D € R%*? and e € R9. Like the available
wrench set, the available acceleration set requires a linear inequality for each face of A,(q,q) [14]. This
limits the practicality of using A,(q, ¢) for online analysis of motion generation capability, whereby a unique
description of the zonotope may be required for every candidate state of the manipulator.

3.2. Acceleration Capability Measure

In a similar manner to wrench space analysis, workspace conditions can be defined for acceleration analy-
sis by considering the relationship between a desired acceleration set Aq4(q,q) and the available acceleration
set A,(q,q). To analyse this relationship, let the acceleration capability measure? (ACM) be defined as the
acceleration space equivalent of the capacity margin

p(q,q) = min (kgf{{J EICH <'1)> ; (8)
where the degree of constraint satisfaction p(;x)(q, q) is the signed distance from the jth vertex of Aq4(q, q)
to the kth face of A,(q,q). Figure 3 shows a graphical representation of the acceleration capability measure
for a given Ay(q,q), A.(q,4d), q and q. It can be seen that for fixed q and q, the manipulator possesses
the capability to produce the 44(q,q) and the ACM then quantifies the capability of the CDR to produce
additional joint accelerations. Furthermore, the signs of p(q,q) and s(q) have analogous meaning. That
is, if p(q,q) > 0, then the desired acceleration set can be produced and there is capability to produce an
additional acceleration a € R?, provided that |a|| < p(q,¢). Unlike the capacity margin, the acceleration
capability p(q,q) is a function of both q and ¢. As such, the additional acceleration that can be produced
in all directions changes with joint velocity, which complicates the analysis of the ACM when compared to
that of the capacity margin. A joint velocity independent approximation of this measure will be considered
in the subsection that follows.

3.8. Static Equilibrium Acceleration Capability Measure

The ability to maintain static equilibrium (SE) is important and commonly considered in the study
of CDRs [34, 5]. To aid in the analysis of the manipulator’s capability from static equilibrium, the static

dFor simplicity of presentation, in this paper the ACM is presented for the case of dimensionally homogeneous units. In
the case of non-dimensionally homogeneous units the Jacobian matrix can be altered in a manner consistent with Section 2 of
[14].
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Figure 3: Example of the Acceleration Capability Measure

equilibrium acceleration capability measure (SEACM ) o(q) is defined as the measure of the CDR’s capability
to produce acceleration from SE. This means that the SEACM represents a special case of the ACM in which

o(a) = p(q,0), As={0}. (9)

Since the only q dependent term in (7) is the Coriolis and Centrifugal term C(q, q), knowledge of the
SEACM can also be used to approximate p(q,q) provided that a bound on ||C(q,q)|| is known. Such an
approximation would simplify the analysis of motion generation such that speed and acceleration limits
for the CDR can be determined. This is because the SEACM can be evaluated without the need for the
trajectory to be prescribed a priori. When compared with motion generation analysis using the ACM, this
approach therefore does not require a search through the set of possible motions.

By definition (9), the SEACM represents the minimum distance from Ay = 0 to A,(q,q) for the case
when ¢ = 0. In contrast, when Ay = 0, the ACM (8) represents the minimum distance from 0 to 4,(q, q)
for the given q. C(q,q) is the only q dependent term used in generating 4,. Since this term represents
a translation acting of the entire set 4,(q,0), the following condition can be used to provide a sufficient
condition for positive ACM:

Condition 1. p(q,q) >0 if |C(q, )| < o(a).

To evaluate how ||C(q,q)|| changes as a function of q, it is noted that the term C(q, q) has a quadratic
relationship with q. This means that C(q,q) and C(q,q) can be represented in the forms

qa"Ni(q)q a’ Pi(q)q
C(q,q) = : , C(q,9) = : , (10)
q" Na(q)q a" Ps(q)q

j=1

where N; € R4V e {1,...,d} and P,(q) = 3. ((Mfl(q))ij Nj> with (Mfl(q))ij referring to the

element at the ith row and jth column of the matrix (M _1(q)). Since it is known that there exists a scalar
function p(q) such that ||C(q, q)|| < p(q)ldl|? [35], a scalar function x(q)° can always be found such that

Ie(a, a)ll < w(a)]al. (11)

Condition 1 provides a bound on how large the magnitude of C(q, ¢) can be such that the CDR possesses
non-negative acceleration capability. Inequality (11) then provides a worst case bound on how the magnitude

¢There are multiple different methods that can be utilised to compute the scalar functions p(q) and x(q) [35]. One example
method of computation for k(q) is provided in Section 4.2



of C(q,q) varies as a function of the joint speed ||q||. Using these two results, o(q) and x(q) can be used to
obtain a bound on p(q,q) as a function of ||q|| such that the trajectory need not be known a priori. Here
by definition p(q,0) = o(q) and using the reasoning Condition 1, p(q,q) must be greater than the worst
case translation which corresponds to a translation of x(q)|¢||? using (11). As a result, the SEACM can
therefore be related to the ACM in the case where A;(q,q) = 0 through the inequality

p(a,q) > o(a) — s(a)]lall*. (12)

From (12), the ACM p(q, q) is therefore non-negative if

o(a) - x(a)[lal* > 0. (13)

This means that the CDR always possesses the capability to produce acceleration in all directions provided
that

: oa)
lall <\ e (14

Inequality (12) can also be used as an estimation of the magnitude of the acceleration that can be
produced for any known robot speed. Defining the capability hypersphere to be the set of accelerations

Aé(q) ={a e R?: |la]l < o(a)}, (15)

(12) shows that p is the distance between the surface of A2(q) and the hypersphere that bounds the
translation C(q, q).

Figure 4 shows the SEACM and the corresponding capability hypersphere (15) for the example acceler-
ation set. It can be seen that the capability hypersphere represents the largest hypersphere of acceleration
that is contained within 4,(q,0) and has a centre at § = 0. The advantage of this representation is that
the capability hypersphere can be expressed using a single variable ¢ which has a more intuitive physical
meaning when compared with the inequalities necessary in describing the zonotope A,(q, 0). Furthermore,
the capability hypersphere allows for the velocity of the CDR. to be considered independent of its direction
through (12). From this, kinematic limits on both speed and acceleration can be obtained without the need

to search through the acceleration set.

a

Figure 4: Example of the SEACM and capability hypersphere

4. Motion Generation within the Static Workspace

In this section, the ACM will be used to gain an understanding of the motion generation capability of
poses within the static workspace (SW) at non-zero joint velocity. The positive controllability condition is
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first reviewed and applied in order to present a rigorous proof that poses within the SW can be used for
motion generation. Using this result, the mazimum controllable speed metric is then introduced as a new
workspace metric which estimates the speed capabilities of the CDR under consideration.

4.1. Static Workspace and Positive Controllability
Consider a nonlinear time invariant system given modelled by

X = f(X7 u)v X(O) = Xo, (16)

where x € R™ represents the n-dimensional state and u € R™. The system (16) is said to be positive
controllable if for all xg,x¢ € R", there exists a finite time 7" and a non-negative control input sequence
u(t) >0, V0 <t<T,which will bring the system from x(0) = x¢ to x(T) = x¢ [28]. A region D C R" is
positive controllable if for all states xg, x¢ € D, the positive controllability condition is satisfied. If a state lies
in the interior of a positive controllable region, then the state is locally positive controllable. Local positive
controllability can be evaluated without knowledge of the positive controllable regions using techniques such
as linearisation[29)].

Using the local positive controllability theory presented above, the following results is obtained to con-
struct approximate regions of positive controllability.

Theorem 1. If a set of states are locally positive controllable and connected f, then the set forms a positive
controllable region.

Proof. See Appendix A. O

Positive controllability can be studied for CDRs by representing the system in state space form where
X = [qT qT]T and u = f. Using this state representation, satisfaction of the positive controllability
condition corresponds to the capability to connect any two joint poses and velocities. As such, positive
controllability provides a sufficient condition on the feasibility of motion generation which is defined to
consider the problem of connecting two joint poses. For CDRs, positive controllability is related to the
SEACM introduced in Section 3 through Theorem 2:

Theorem 2. If a pose q* has a positive SEACM, then it is locally positive controllable at the static equilib-

rium state [q*T OT]T

Proof. See Appendix B. O

Using Theorem 2, the positive controllable workspace (PCW) can be defined as the set
PCW ={qeR*: o(q) > 0}. (17)

From the workspace interpretation presented in Section 3.1, it can be seen that an alternative definition of
the SW is the set
SW:{qeRd:g(q)EO}. (18)

The PCW therefore represents a subset of the SW which is robust to external disturbances and/or uncer-
tainties. This workspace can also be used with Theorem 1 to identify regions of positive controllability
within the state space.

The use of Theorems 1 and 2 shows that the SW can be used for motion generation. Since Theorem
2 is only applicable to some neighbourhood of a static equilibrium, it only considers regions of positive
controllability with suitably small joint velocities. This indicates that while the existence of these regions
implies that a motion can be generated to connect the poses, there is no knowledge of the velocities that
can be used in generating that motion. The problem of determining upper bounds on the velocities of these
motions is considered in the subsection that follows.

fA set is connected if it cannot be represented as the union of two disjoint, non-empty, open sets [36]
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4.2. Speed Capabilities of the Static Workspace

By definition, CDR states within a positive controllable region can be connected by a non-negative
control input. The PCW generated regions can therefore be extended to consider q # 0 by finding the
velocities for which the CDR can be brought back to static equilibrium. Using (12), it will be shown that it
is possible to obtain a conservative estimate of the maximum speed V;,,4.(q) such that for all ||q|| < Vinaz(q)
the CDR can return to static equilibrium (mazimum controllable speed). The consideration of Vi, (q) in
place of q simplifies the analysis and allows the positive controllable region to be stored using the static
workspace and a single metric.

In this work, a numerical approach will be adopted where the maximum controllable speed (MCS) in
stopping at a known distance r from q will be bounded. This bound will be obtained by considering the
worst possible acceleration capability of the mechanism over the set B(q,r) where

B(q,r)={q° €R?:||q° —q|| <r}. (19)

The use of this bound results in a conservative estimate of the MCS which can be determined independently
of the direction of velocity such that a trajectory dependent search is not required.
Using the well known constant acceleration formula

Vr?uzz (Q) = 2amaz(q)r, (20)

a bound on the MCS can be determined by solving for a,,q, which represents an estimate on the maximum
constant acceleration produced over the set B(q,r) (19). As discussed in Section 3, the ACM represents
the maximum acceleration that can be produced in all directions for a known q and ||q||. From (12), an
estimate p(q, q) of the ACM is given by

pla,q) = o(a) — w(a)]al?, (21)

where using (10) one possible bounding scalar function x(q) for (11) is given by k(q) = \/Z?:l (Omaz(Pi(Q)))?,

since

d
IC(a.a)l = 4| > @ Pa)" (q"Pq) < ||

i=1

Z (Umaw(Pi))Q' (22)

i=1

The maximum acceleration is therefore estimated by finding the maximum value that p(q,q) takes over
B(q,r). This value is estimated by setting ||q|| at its maximum value V;,,q, and letting o and k be fixed to
their minimum and maximum values over the interval, given by ¢,,in and Ki,q, respectively. This results in
the choice of a0z @S

Amaz (Q) = szn(q) — Rmazx (q)vfriaa: (23)

Substituting the expression for a,q, (23) into the expression for V.. (20), the MCS is conservatively
estimated over B(q,r) as

Vmam’ = ———— .
(q) 1+ 2kmaz (Q)r

(24)

Equation (24) computes the MCS under the assumption that the distance to rest r is fixed. To account
for an unknown r, Algorithm 1 is proposed, where q € R? is a given pose and 4,4, is the maximum number
of iteration allowed in computing the solution.

Algorithm 1 represents a means of approximating the MCS for a given pose. Without the MCS, the
positive controllable regions obtained in Section 4.1 cannot be used in generating motion. This is because
knowledge of the MCS allows for the positive controllable regions to be extended to consider non-zero joint
velocity. Using the resulting regions, motion generation capability can be analysed using the acceleration
limits from Section 3.
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Algorithm 1 Iterative Method for Determining V4.
while (i < ip4,) do
r < r 4 idq, where dq is the constant sample size.
Qmin(q) <~ minqu(q,V') Q(CI)-
Rmazx (q) < MaXqgepB(q,r) K(q)'
2 min
Vmaz(q) A \/ 1+gnma(f()(:)r’

11+ 1.

5. Results and Discussion

5.1. Outline of Results

In this section, motion generation capability analysis will be considered through the application of the
SEACM and MCS measures. These measures have been implemented in the CASPR platform [31] such
that their analysis can be conveniently performed onto different CDRs. Two case study manipulators will
be considered:

1. A 2 link Planar CDR,
2. A 6 DoF Spatial Cable Driven Parallel Robot (CDPR).

In each of the case studies, the SW will be generated and the value of the ACM and MCS computed
throughout the entire workspace. In Case Study 1, this information will be analysed in order to gain greater
insight into the motion generation capability across the workspace. This analysis will consist of an evaluation
of the meaning of the metrics for path and trajectory planning. Case Study 2 will then investigate the results
on a higher degree of freedom example.

Throughout the case studies, the resulting regions of operation obtained from the SW and MCS will
be compared with those obtained from the wrench closure workspace. The WCW has not been previously
used as a tool for motion generation analysis. However, due to its definition in the ability to generate any
wrench and hence any acceleration, connected workspace regions are therefore controllable by definition.
As a result, the WCW represents an idealised set for which all poses and joint velocities can be produced,
making it an ideal point of comparison to the set of joint velocities and SW poses obtained by using the
MCS.

The section will conclude by providing further discussion into the use of the metrics beyond that consid-
ered in the case studies. This will include a comparison of the insight that is provided by the metrics when
compared to the application of trajectory planners as well as a discussion of the computational complexity
of the proposed algorithm.

5.2. Kinematic Analysis of a 2 Link Planar CDR

Consider the 2 link planar CDR shown in Figure 5. The CDR is articulated by two revolute joints
(d = 2) and is driven by four cables (m = 4). It is assumed that gravity acts in the —y direction. Let the
two rigid links be identical with a uniform distribution of mass m; = msy = 1kg with lengths /1 = {5 = 1m.
Furthermore, let the ¢th cable have cable mountings described by the base attachment vector rp4,, which is
a vector from the base point O to the attachment location A;, and the rigid link attachment vector rg;p,,
where G refers to the centre of gravity of the jth rigid link and B; refers to the attachment point on rigid
link j for cable 7. Table 1 summarises the cable attachment information for the cable driven manipulator
shown in Figure 5.

11



roa, | [-05 0]" |rem | [0 03]
roa, | [-15 0" | rays, | [-01 03]7
roa, | [05 0" |ras, | [01 03]
roa, | [15 0" |ras | [01 03]

Table 1: Planar Manipulator Mechanism Parameters

5.2.1. Workspace Analysis

Figures 6a and 6b show the SW and WCW for this example system, where the SW was computed with
cable force 0 < f; < 250N for all ¢ € {1,...4} and a uniform sampling of 1° was used in numerically
generating the workspaces. From Figure 6a, it can be observed that the SW has a volume that represents
of 87.1% of the total joint space volume. Furthermore, this workspace is comprised of a single connected
region. In contrast, Figure 6b shows that the WCW consists of two disconnected regions that possess a total
workspace coverage of only 67.4%.

By Theorems 1 and 2, it can be seen in Figure 6a that the CDR is capable of generating motion between
any two poses that are contained within the single connected component. This result demonstrates that
regions of allowable operation obtained from the SW can increase the set of possible operating configurations
both by increasing the number of poses in the workspace and by identifying otherwise unseen connectivity
between workspace regions. However, the use of the SW on its own does not consider the joint velocities at
which motions can be generated. The SW therefore on its own provides an incomplete picture of the CDR’s
motion generation capability. Particularly, this is with regards to the speeds at which certain motions can
be achieved and to which regions of the workspace are more favourable in terms of speed and robustness in
the generation of arbitrary motion.

5.2.2. Acceleration Set Analysis

The acceleration set represents the set of all accelerations that can be produced by the CDR at a given
pose. The set therefore indicates the capability of a mechanism to accelerate from rest and through (12)
can also be used to approximate how capable the mechanism is in changing direction and/or speed during a
motion. Figures 7a and 7b show the available acceleration sets at static equilibrium of this mechanism for
two example poses: q; = [—30O —15°}T and qg = [OO 15O°]T, respectively. From the 42(q) sets drawn
in these figures, it can be seen that at pose gz, the mechanism can produce 141.91 rad/s? of acceleration
in all directions, making the CDR more capable than at pose q; in which the mechanism can only produce
78.25 rad/s%. This higher acceleration indicates that it is more favourable for the mechanism to start motion
at poses in the vicinity of qs.

12
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Figure 6: Static and Wrench Closure Workspaces of the 2 link planar manipulator
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Figure 7: Available Acceleration Sets at Different Poses
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Figures 7a and 7b also depict the capability hyperspheres (15) for each of the example poses. Although,
these hyperspheres only represent a small fraction of the acceleration set volume, they provide the knowledge
of the maximum magnitude of acceleration that can be produced in any direction. This means that the
capability hypersphere can be used in combination with (12) to approximate the acceleration capability of
the mechanism at a given pose and joint speed. This can be observed using the green dashed circles of Figure
7b that represent the possible worst case magnitudes of the vector C(q,q) obtained using the inequality
(22). As such, the worst case acceleration that can be produced at a given ||q|| then corresponds to the
radial distance from the capability hypersphere boundary to the appropriate green dashed circle.

By performing the above analysis at every pose of the joint space, Figure 8 depicts the SEACM over all
poses of the SW. From this figure, it can be observed that the acceleration capability of the manipulator
ranges from zero at poses outside of or on the boundary of the SW to a maximum of 187.42 rad/s? at

approximately q = [—139o —170°]T. The changing magnitudes within the figure also indicate that the
CDR is more capable of accelerating within different disjoint regions of the SW. This information can be
used to evaluate different trajectories, such as Path 1 and Path 2 as shown in Figure 8. Particularly, the
ACM indicates that it is possible for the mechanism to accelerate at larger magnitude for Path 2 then it is
for Path 1. However, using (12), the ACM also indicates that the change in direction used in Path 2 may be
difficult to achieve in practice, due to the limited capability to accelerate over a large region of the middle
of the path. From this analysis, paths such as Path 1 can be identified as more desirable to be applied onto
this CDR. This information can also be used to bias path planners to remain within such regions throughout
operation.

Figure 8: Static Equilibrium Acceleration Capability Measure o(q) - It can be seen that Path 2 possesses higher initial capability
to accelerate when compared to Path 1, however the path is limited to lower speed of operation due to the lower SEACM
throughout the middle of the trajectory.

It should be noted, that the regions of high SEACM are all contained within disconnected components of
the WCW. This is consistent with the intuition that within the WCW, the CDR is likely to be more capable
in generating motion since the cable forces can produce accelerations larger than that of the gravitational
force. However, this result does not hold over the entire WCW. This is due both to the practical cable force
upper bounds not considered in wrench closure analysis and the proximity of certain poses to unilateral
singularities [16].

5.2.3. Application of the ACM to Task Scaling

As a result of (12), the capability hypersphere and SEACM can be used to identify kinematic limits for
task scaling. Consider the example paths shown in the Figure 8. For each path, all poses have non-zero
SEACM. This means that a trajectory can be generated by the CDR to follow each of the desired paths.
Furthermore at each pose of the path, Figure 9 depicts the estimate of the acceleration limits obtained using
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(12) for each possible choice of speed. On this figure a desired trajectory corresponds to a curve in the
path parameter and ||q||, in which task scaling acts to scale the curve in the ||q|| axis. A valid trajectory
can therefore be identified by ensuring that the desired acceleration always remains within the non-negative
component of ||@|| as shown in the figure. In the case of task scaling this would correspond to identifying
the minimum scale parameter such that for all path parameter values, the trajectory profile remains at joint
speeds with non-zero acceleration capability.
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(a) Acceleration Contour for Path 1 (b) Acceleration Contour for Path 2

Figure 9: Acceleration Contours for the Desired Paths

5.2.4. The MCS and Path Fvaluation

The MCS represents an estimate on the maximum speed at which the mechanism can be brought back
to static equilibrium. As such, the MCS can be used in addition to the ACM in providing insight into the
motion generation capability of the CDR. Figure 10 shows the MCS for the example mechanism. It can be
seen that the relative magnitudes of the MCS follow a similar pattern to that of the SEACM. This indicates
that the CDR is able to return to static equilibrium at higher speeds in the regions at which it has high
acceleration capability at static equilibrium. Since this is the case, the operation of the mechanism should
favour these regions wherever possible in order to maximise both the speed of operation and the robustness
of the trajectory tracking.

Compared to the ACM, the regions of largest MCS are however larger than that of the regions of largest
SEACM and the maximum value of 7.69rad/s is instead found at approximately q = [00 180°}T. This
result is consistent with the filtering approach presented in Algorithm 1 and suggests that it is safer to use
the CDR at higher speeds when it is closer to the centre of SW regions. The SEACM should however still be
considered for sharp changes in paths, since the MCS does not explicitly measure the capability to produce
acceleration.

The information contained within Figure 10 represents a conservative estimate of the maximum speed
at which the CDR can be guaranteed to be able to return to static equilibrium. This means that if a motion
satisfies the kinematic constraints, then it will be possible to connect back to a desired path and/or pose
in the presence of disturbances. Figure 10 shows two possible trajectories that could be used to connect
two desired poses and Figure 11 shows the specific MCS values over each of the paths with regards to a
path parameter. It can be seen from Figure 11 that Path 2 is more favourable since it has larger MCS
over nearly all of the path. This suggests that the CDR is more capable of generating motion throughout
Path 2, resulting in a likely quicker time of execution and robustness (resulting from the SEACM over the
corresponding region).
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5.3. Kinematic Analysis of a Spatial CDPR

To show the application of the derived metrics to higher dimensional systems, consider the 6 DoF
(d = 6) spatial manipulator shown in Figure 12. Let this CDR be driven by seven cable (m = 7) with
cable attachments corresponding to those of [24]. Let the 1kg mass be uniformly distributed over the
0.3m x 0.2m x 0.1m manipulator end effector platform and let gravity be assumed to act in the —Z direction.
To allow for visualisation of the workspace, in this example the constant orientation with no rotation will
be utilised.

o 0,1,1)
(0 1) 1 1 4
2 3
7
5 /7 v 6
”’A(l, 1,0)

Figure 12: 6DOF Spatial Cable Driven Manipulator

Figures 13 and 14 show the z-y cross sections of the SEACM and WCW at different values of z. For this
mechanism, the SEACM was computed with 0 < f; < 1000N for all ¢ € {1,...7} and a uniform sampling
of 0.0lm was used. In a similar manner to Section 5.2, it can be observed that the SW possesses greater
workspace volume compared to the WCW. Utilising the information obtained from the MCS and ACM, the
favourable regions of operation for this mechanism can also be observed where it is noted that both the
MCS and SEACM are predominately larger towards the middle of the workspace.
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Figure 13: SEACM Slices for the Spatial Manipulator

Figures 15 depicts the MCS measure over a set of constant orientation slices at different values of z. It
can be observed from Figures 13 and 15 that the mechanism is again more capable of generating motion at
poses that lie within a subset of the WCW. Using these measures, the speed at which the task should be
carried out can be estimated in a manner which considers the cable force limits.

5.4. Further Discussion

The available acceleration set and positive controllability theory can be used as a means of understanding
motion generation capability. Compared to the restriction of the mechanism’s operation to the WCW, the
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proposed method identifies a larger number of poses as being feasible for producing motion. The evaluation
of the proposed metrics also provides new insight into the motion generation capability of CDRs throughout
their entire workspaces. In contrast to trajectory planning methods such as [5, 9, 10, 11], this new insight
provides additional understanding of the capability within the SW. Particularly it is shown that the SW can
be used not only for task scaling, where the path must be known in advance, but also for path planning, where
the proposed metrics can be used to facilitate online operation of motion generation algorithms through the
construction of kinematic limits.

It should be noted that the proposed approach can require high resolution sampling of the joint space
in addition to the filtering of information over potentially large regions. Maintaining the same resolution
for higher dimensional CDR analysis will result in an exponential growth in both the computational time
and memory. Such computational burden is an artefact of the use of workspace analysis and cannot be
avoided. However, the effect of this growth can be mitigated by using a multi layered discretisation of the
workspace and/or restrictions of the analysis to certain subsets of the operating range. In the case of the
filtering method used in Section 4, it was observed that the filtering results in an increase in computational
time but not in memory. In designing a workspace for analysing motion generation capability, the maximum
controllable speed only needs to be computed once and can be subsequently used in the motion planning
and control in order to reduce the computation required for real-time implementation.

6. Conclusion

The available acceleration set was presented and used to derive two new metrics for the study of motion
generation capability of CDRs: the static equilibrium acceleration capability measure (SEACM) and the
mazimum controllable speed (MCS). Using the available acceleration set, the acceleration capability measure
was defined to represent the maximum acceleration that could be produced from a given set of desired
kinematics. From this, it was proven that the static workspace with positive acceleration capability is
locally positive controllable and can be used within the study of motion generation. Using the acceleration
capability measure and positive controllability theory, the maximum controllable speed metric was also
computed as an estimate of the maximum speed in which the CDR could maintain positive controllability.
The insight provided by the measures was demonstrated on two different types of CDR. Future work will
focus on deriving even less conservative estimates of the maximum controllable speed and on applying the
acceleration set to other problems such as forward dynamics and CDR design synthesis.
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Appendix A. Proof of Theorem 1

Proof. By definition, for any locally positive controllable state x*, there exists a finite time 7', an input
sequence u(t) > 0,V¢ € [0,T] and a positive number € > 0 such that at time T the system can reach
any neighbouring state x € B(x*,¢€). Since the set is connected, a connected path between any two states
can always be defined by using a finite sequence of paths connecting neighbour states. An input sequence
to connect any two states within the region in finite time is therefore given by concatenating the input
sequences that connect each of the neighbouring states. O
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Appendix B. Proof of Theorem 2

Controllability is a property that is invariant to control input [37]. The state x = [q*T OT]T of the
CDR with dynamics (1) is therefore locally positive controllable if it can be shown that the system is locally
feedback equivalent to a known locally controllable system using only non-negative control input.

Let
72— [(q ‘qq*)} . (B.1)

Since o(g*) > 0, then there exists a neighbourhood about [(q*)T OT]T, a positive number e and a virtual

control input v € R< in which a cable force f* > 0 can be chosen such that
—L(q)"f* = -M(q) (C(q,q) + G(a) + V), (B.2)

where ||v|| < e. Applying the force f*, it can be seen that (1) is locally feedback equivalent to the fully

actuated system
. 0 I 0
z = [O 0] z+ [I] v, |v|<e. (B.3)

This system is a double integrator which is locally controllable for the given actuation limits. As a result
the system described by (1) is locally positive controllable at g*. O

21



