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A Path/Surface Following Control Approach ta
Generate Virtual Fixtures

Bernhard Bischof, Tobias Glick, Martin Bock, and André&asyi, Member, IEEE

Abstract—The workspace of a robot can be restricted by
virtual fixtures to assist an operator in physical human-rohot
interaction tasks. This paper introduces a combination of ar-
face following control with compliance control and presens a
path/surface following control approach to systematicaly gener-
ate virtual fixtures. This approach allows to implement numeous
types of constraints like guidance and forbidden region vitual
fixtures, hard and soft constraints as well as static and dynaic
virtual fixtures and their combinations. Additionally, clo sed-loop
stability proofs of the proposed control concepts are givenThe
flexibility of the presented approach is demonstrated by a sées
of measurement results from an industrial robot.

Index Terms—Virtual Fixture, Active Constraints, Physical (it
Human-Robot Interaction, Surface Following Control, Path Fol-
lowing Control, Compliance Control.

I. INTRODUCTION

IRTUAL fixtures restrict the workspace of a manipulator
by means of control algorithms. With these approaches
the safety of an operator in semi-automated production us-
ing hand-guided physical human-robot interaction can be
increased [1], [2]. Additionally, virtual fixtures help taigle
the operator and, thus, can speed up the production prosess a

within this approach, because the constraint force |
tor is a linear function of the closest distance to

constraint manifold effectively emulating a spring.

[9], Abbot and Okamura investigated the stability
the control law for a linear system, where the hun
operator is modeled as a linear and time-invariant m
spring-damper system. They concluded that the stal
of the closed-loop system decreases with an increg
stiffness of the constraint and the constraint canno
made arbitrarily stiff.

Potential fields can also be used to establish vir
fixtures, where areas in the workspace with low poter
are attractive and areas with high potential are repuly
In [10], the potential field approach was employ
to generate forbidden-region constraints for collis
avoidance. At each point in the workspace, the grac
of the potential field of all sources has to be calculate
determine the resulting force that pulls the robot ay
from the forbidden regions. Also guidance constra
can be generated using attractive fields resulting
a control law very similar to the method of simg
functions described above.

well as reduce the worker's risk for repeated trauma digsrdeliii.) A non-energy storing constraint was introduced i

[3], [4]. Virtual fixtures are used in the automotive indystr
since the late 1990s [5]. They are also common in teleomerati
and hand-guided operation in robotically assisted surf@gry
[6].

On the basis of [7], we identified six principal methods
to generate virtual fixtures (often also denoted as active
constraints) in literature; these are (i.) simple funcsioficon-
straint proximity, (ii.) potential fields, (iii.) non-engy storing
constraints, (iv.) constrained joint optimization, (veference
direction fixtures, and (vi.) passive constraint enforgimecha-
nisms. The virtual fixtures can either be guidance congsain
where the motion is restricted to a specific manifold like a
path, or forbidden-region constraints, where the motidings
unless a forbidden region is entered [2]. In both cases, the
constraints can be soft or hard. Soft constraints allow some
deviation while hard constraints limit the motion to thetwal
fixture.

(i.) Guidance constraints [8] and forbidden-region con-

straints [9] can be generated by simple functions of con-
straint proximity. Only soft constraints can be achieved

B. Bischof, M. Bbck, and A. Kugi are with the Automation (iv.)
and Control Institute, TU Wien, 1040 Vienna, Austria, e-mai
{bischof,boeck,kugi@acin.tuwien.ac.at, T. Glick is with the AIT Austrian
Institute of Technology, Center for Vision, Automation & @ool, 1040
Vienna, Austria, e-mail: tobias.glueck@ait.ac.at.

by using simulated plasticity, which is modeled

Coulomb friction. The initial collision with the cor
straint is thereby stiff until a certain force into tl
restricted area is applied. When penetrating the ¢
straint, energy is only dissipated and no energy
stored. Hence, no force is applied by the control

to recover the penetration. According to the auth
the non-energy storing feature can increase the s;
for various applications. Some effort was made to ¢
with the discontinuity of the plasticity. A virtual prox
is introduced on which the plasticity takes effect. 1
proxy is then coupled to the haptic device or manipul;
via a spring and a damper. This reduces the discontir
problem but adds some (small) stored potential ene
Bowyer and F. y Baena improved this approach sig
icantly in [12]. Friction redirection was introduced

assist the operator in recovering from penetrations of
constraint. Additionally, their approach allows for tim
variant constraints and they showed that their cor
law is dissipative even for combined translational i
rotational constraints.

Constrained joint optimization is used since the i
nineties to establish virtual fixtures for surgical robc
which can also be redundant [6]. A constrained o
mization problem is solved to compute the new re
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ence velocities of the joints at each sampling instance.d®@mpliance control. Note that there also exist extension
cost function is minimized that represents the differend®C to redundant manipulators [20].
between reference velocities given from the operatorIn this paper, we improve the SFC approach of [19] s
and new reference velocities satisfying the constrainthat it can be combined with compliance control. In additi
The constraints can include the virtual fixtures as welle show that a large number of virtual fixtures can
as mechanical and dynamic limits of the joints. Lineasystematically generated by a combination of SFC/PFC
constraints for point fixtures are given in [6]. They areompliance control; i.e., guidance or forbidden-regiorual
extended to line and plane fixtures in [13]. With thidixtures that can either be soft or hard and the constr:
method, the constraints are probably not satisfied @an also be time variant. The behavior along and away 1
between the sampling instants. Therefore, the samplittge virtual fixtures can, thereby, be defined in a physic
intervals have to be relatively short compared to thiaterpretable manner. The paths for PFC and the suri
maximum velocity of the manipulator. To find optimalfor SFC can be defined in terms of parametrized functif
solutions that fulfill nonlinear constraints can be a chaé.g., 1D and 2D splines, which allows to approximate
lenging task. Hence, the numerical implementation hggometry of the constraints. Additionally, in contrast ke
to be carried out very carefully for each application tapproaches mentioned before, the SFC/PFC approach ¢
ensure an appropriate and stable behavior. to systematically prove closed-loop stability. SFC and F
(v.) In [14], reference direction fixtures were introduced tstabilize the system’s output on a predefined path or suli
establish constrained hand-guided operation. The inpuithout a priori time parametrization. Via static statedback,
force of an operator is thereby projected onto the tathe dynamics in tangential and orthogonal directions t
gential direction or onto the tangential plane of the compath or surface are decoupled and exactly linearized.
straint manifold and is used as velocity reference for thadecoupled dynamics can be controlled independently to |
servo controllers. This restricts the motion of the robahe requirements of the specific application.
parallel to the manifold. The constraint can be made soft The combination with compliance control enables to de
by adding a fraction of the operators force orthogonal virtual mass-spring-damper behavior of the robot ir
to the manifold in the control law. When the robot ispendently in tangential and orthogonal direction to thehy
off the manifold, the direction of the force projection isor surface. In hand-guided tasks, this mass-spring-dal
modified to guide the operator towards the manifold. Aehavior is felt by the operator when handling the robot
stability analysis is carried out for the simple case aidditionally increases the safety due to its passivity.
a linear two-dimensional manipulator. However, even in The paper is organized as follows. Section Il introduces
this case, stability can only be proven when the robot ébmbined surface following and compliance control for
exactly on the manifold. Castillo-Cruces and Wahrburgctuated manipulators. In addition, a simplified SFC apgig
[15] added a proportional error term in the control lavis presented, where subordinate joint velocity contrellare
to make the manifold attractive and also extended thged. Section Il explains how and which virtual fixtures ¢
algorithm to six degrees of freedom. be generated on the basis of the SFC approaches pres
(vi.) In passive constraint enforcing mechanisms, the -actin Section Il and of the PFC approaches summarized in
ation force is applied by a human operator and thgendix A. In Section IV, an experiment on a six-axis indust
control architecture is only able to limit or redirect thgobot is performed to validate the combined surface foliay
motion. Therefore, these mechanisms are naturally sagfd compliance control. Four implementation example;
than actively driven methods but their applicability isyenerate various virtual fixtures are presented in Section
very limited and they are not suitable for teleoperation.
An algorithm to achieve hard guidance constraints on
a curve for wheeled passive robots was introduced in
[16]. This concept was extended to active manipulators Manifold stabilization generalizes the classical contesk
in [1] using continuously variable transmissions (CVT)of set-point stabilization and aims at stabilizing subrfalds
With these CVTs the ratios of the angular velocities dfke paths and surfaces typically in the output space (
the manipulator’s joints are controlled such that onlgynamic system [21], [22]. The control objectives of mg
one degree of freedom is left for the end-effector thdold stabilization are that the system’s output asympéitjc
satisfies the guidance constraints. However, the contrmainverges to and then remains on the submanifold as w
law is not defined for zero velocity and becomes illthat the motion on the submanifold meets application-sjge
conditioned when the velocity is orthogonal to the curveequirements. The most common form is the path follow
In [17], path following control (PFC) is combined withcontrol (PFC), where a one-dimensional submanifold of
compliance control for fully actuated rigid body manipulaeutput space is stabilized.
tors, where the system output is stabilized on a path (oneWe introduced a combination of PFC with compliar
dimensional manifold) without a priori time parametripeti control for fully actuated rigid body systems in [17], whg
The approach is extended to elastic joint robots in [18]stFirthe path is given as a regular parametrized curve. In [19]
preliminary results of the stabilization of a two-dimenmsd presented first results of the stabilization of two-dimenal
manifold using so called surface following control (SFC) isubmanifolds (surface following control), which is clost
presented in [19], which is not suitable for a combinatiothwi related to [17] but not suitable for the combination w

II. MANIFOLD STABILIZATION METHOD
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compliance control. Open, closed, and intersecting sesfi
represented by a regular parametrization of cléssan be
handled, which is in contrast to the approaches of [21], |
that require the implicit representation of the surface[1Irj
and [19], the manifold stabilization is only applied to tl
system output’s position and the orientation is couplech®
resulting path or surface parameter. Also stability pradfthe " 4 N
dynamic closed-loop system with PFC and surface follow i (tl)* ot6,(67)
control (SFC) are given. = o4(67)

Let us consider the dynamics of fully actuated rigid bc
systems of the form

Ot,0, (0*)

e —
"‘—

St

Fig. 1. Surface Following Control (SFC): Geometric dedaip of the
(1) position partS: and coordinate transformation.

D(q)d +n(q,q) = Ta + Text,
with the generalized configuration coordinatgs € R™,
generalized actuator forcag € R™, external forces/torques
Text € R™, and the positive definite mass matiX(q) €
R™*™, The vectorn(q,q) includes potential and friction
forces as well as the centrifugal and Coriolis forces. Thpwaiu
function is given by

1) Surface Assumptionsthe surfaceS is given by a reg;
ular C3 parametrizatioro™(0) = [0/ (0) o] ()] : T, — R™
with the parameter vectd™ = [0, 6,], which is element of
a nonempty sef; C R2. The surfaceS can be separated in
a position partS; defined byo;(0) and an orientation pas,
defined byo,.(8). The parametrizatioar () of the surfaces is

Vi h¢(q) regular, ifo g, X079, # 0, V0 € T, Whereo g, = 0o /00;

y= L,J = {hr(q)] =h(a), (2) for i = 1,2. Hence, at each point of the surfade there

exist two linear independent tangent vectersy,, i = 1,2,

with the positiony; € R?, the orientationy, € R™ With o, > 0, and a normal unit vectoe, (), which is

in Cartesian coordinates, and = m, + 3. The Jacobian the normalized cross product of the two tangent vectors|
J(q) = Oh/dq is assumed to be nonsingular. Fig. 1.

In robotics, the nonlinear system dynamics (1) are often2) Projection Operator: An orthogonal projection dete
neglected and the position and/or velocity of the jointsinre Mines the closest poing; = o0+(6*) on the surfaceS; to
dependently controlled using fast high bandwidth lineavse y:. Therefore, the optimization problem
controllers. Feedforward of, e.g., the gravitational &srcan

be used to improve the performance of the subordinate wgloci 0" = argmin f(y:,0) € 7, , “)
controllers. If the joint velocity controllers are assumecdbe 5 .
ideal, the system dynamics (1) simplifies to with f(y:,68) = 1/2]y, — 0:(8)]l2, is solved. We obtain th
time-derivative of the optimal parameter vec#&t from the
Q= et (3) conditions of optimality as
. . . o . 2 71 T *
with the referepce veloc:|.ty }npuiref. o 0 — (%) (y:,6%) {Zqﬂl Eg*ﬂ Vi . (5)
In the following, we will introduce a combination of SFC t,02

with compliance control for the dynamic system (1) and (2lenceforth, the superscriptalways refers to a variable that
whlch featur'es a (ve(?tor) relative degree{atQ, e 2}, and  gptimal with respect to the shortest distance to the surfac
we will call it dynamic SFC. The dynamic SFC is based ofthe conditions for the feasible neighborhood of the surfic

[19], but the coordinate transformation is enhanced suah thy \which (4) features a unique solution are given by, see, |
a combination with compliance control is possible, which is

essential for the generation of virtual fixtures. Additibpave

apply the SFC to the kinematic system (3), which drastically S1(y:) = E* — alglgl (0%) (yr —o(67)) > 0, (6a)

simplifies the control law compared to dynamic SFC. This % f

simplified version will be called kinematic SFC. For the sake  B2(y:) = det (W(yzzﬁ*)) >0, (6b)

of readability and in view of the objective of this paper to

systematically generate virtual fixtures, we will summarize where E* = ”tT,el (0%)o10,(0%) and oy 9,9, = 0%0,/06;00;.

dynamic PFC of [17] and the kinematic PFC in Appendix A. 3) Coordinate Transformation:A coordinate transforme
tion is defined which maps the generalized coordinaje
into tangential coordinates, transversal coordinated, @n

A. Dynamic Surface Following Control (dynamic SFC)  tational coordinates with respect to a surfageThe angle

A smooth feedback law is designed that makes the roboP§Ween the tangent vectors, o, and ”tv?ﬁ is given by
positiony; approach and move along a surfagewith no a @|(6) = arccos (F/VE G), with E = o, (0)o+,(0),
priori time parametrization, cf. Fig. 1. F =0, (0)0:0,(0), andG = o], (6)7:,(0), cf. Fig 1.
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Note that due to the regularity of the surfagesin («(8)) #
0 holds.
The tangential coordinates are defined by

t
m = g(yt) :/ Y*odr ,
to
with initial time to and the nonsingular matrix
x+ _ o0, (0)ll2 [loe.0,(07)]l2 cos (o (67))
0 |o74,0,(0%)||2sin () (6%)) | (i.) V@ [0®/0q 0®/04) is nonsingular for al
which ensures that the two components mf represent a q" qT]T e X.

physically interpretable length in orthogonal directioii$is SinceQ is an open subset @™, X and Z are open inR>".
is in contrast to [19], where the feedback transformation [§qreover. the outpuy = h(q) is assumed to be sufficient
defined in a way that the tangential statffs= 71,1 M1,2] 4O smooth ando(9) € C3(T;,R™), ® € C!(X, Z) holds. The

Lemma 1:The mapping® : X — Z with X = Q x 740,
9={qeR™:pB; oh(q)>0,i=1,2}, and tangent spac
T4Q is aC!-diffeomorphism, ifJ(q) is nonsingular.

Proof 1: Using the inverse function theorem, we have
show that

(i.) X and Z are open inR?*™,
(i) ®€C(Q,Z2), and

(7)

not correspond to a physical length and are not orthogongkcopian of® reads as
Therefore, the approach proposed in [19] is not suitable for

the combination with compliance control. Differentiatio
(7) with respect to the time yields
|5

ﬁl =1y = T*B*

* 82f - * 0-2—9
-1 (5a2) “"““{aziea

(07)

) ®)

VgeR2x3

The transversal coordinage is defined as the projection of

vyt — o+(0*) onto the normal unit vectos, i.e.,

& =08(y:) = el (67)(yr — 0¢(67)) , 9
with time-derivative
5.1 = 52 = 61(9*)}"15 5 (10)
———
vsT

see [19]. The rotational coordinates are simply given by

¢ =y, =h,(q) and (11a)
G=6= oh, (q) a=J.q (11b)
dq)

The virtual outputy] = h(q) = [n] & ¢]] is introduced.
Differentiation with respect to the time yields

Vs =Li(q)y = J.(q)q , (12)
with the SFC Jacobian
Ji(q) = Ly(q)J(q) (13)

and the matrices

e e IO

whereI denotes then, x m, identity matrix. Throughout
this work, the subscript in yg, h,, Js,... refers to SFC,
whereas the subscriptis used for the path following control
approaches presented in Appendix A.

The coordinate transformatio® : R?>™ — R?™ maps the

generalized coordinategandq to the tangential, transversal,position on the surface is denoted §§ and theC? reference

=®(q,q) . (14)

(15)
If J(q) is nonsingular ands;(y;) > 0,:¢ = 1,2, then,
E.(q) andL,(q) are nonsingular, and thud, and V® are
nonsingular for all[q" qT]T cX.

4) Feedback Linearization:Differentiating (12) with re-
spect to the time and inserting the system dynamics (1)

$o = J3u(q,@)a+ 3. (@)D (q) (74 + Tear —1(q, @) . (16)

Hence, application of the feedback transformation

T4 =10(q,q) — Tear + D(@)J; (@) (vs — Ts(a, @)d) (17)
to the system (1) with output function (2) results in a |
ear input-output relation from the new control inpuf =
[vi, vI,], wherevl, = [v1 v wvi], to the virtual

outputy, in the form ofm integrator chains of length two

(18)

Ys = Vs .

Any controller that stabilizes the linearized system (|
can be used to compute the new control inpyt In the
following, a position controller and a compliance conto
for the dynamic SFC to compute, will be presented.

5) Position Control: The position control law

Vst

Vg = =
|:VS’7':|

whereel) = n —n7, e =& — &7, andel =y, —y?, yields
the exponentially stable error dynamics

.p .
M — an,2€) — an1€}
o D D

& Ag,2€e, — Ag16¢ |

y2 —ar 26l — a, 1€l

(19)

aP 5P p
€y + an,2€y + an,1€y
5D 5D p| _

€e, +a5,2€€l +G,g,1€€1 =0,

ef + anzéf + ar,lei’

(20)

for a; ; > 0 with i € {n,&,r} andj = 1,2. The C? reference

for the transversal state k&f, where the superscript desig-
nates references for position controllers throughoutwrask.
The reference for the orientation is given § = o,.(6*).
Note that integral parts can also be added to the control
(19) to eliminate the control errors in stationary condiso

and rotational coordinateg, andy, and reads as
gohi(q)
M ~ [dohy(a)
¥s h.(q)
J.(a)g
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6) Compliance Control:A compliance controller enables aadapted for SFC. Using the geometric Jacohlgraccording
reference dynamics (impedance) between the measured exte(48), see Appendix B, instead &fin (13) to computeJ; for
nal forces and the position. Here, an approach closelyeelathe SFC feedback transformation (17) yields the linearesys|

to [23] is utilized, where the trajectory of the exponenyial yz = |iq] & ]| = [Vl,t VI,O] , wherew, denotes the angul

stable reference impedance model is tracked by the positi\pé]ocity of the eénd-effector expressed in the inertial feawe

controller (19). With the SFC, the reference impedance gkfine the orientation between the compliant frgmend the
the motion along and orthogonal to the surface as well ggsired framel as

the reference impedance of the orientation can be separatel

defined as R; = RjR, , (24)
7 mﬁe;l, + djeg + kge;ﬁ whereR is the rotation matrix of the reference Euler ang
| = |miéd +dled +kled| (1) ¢, = 0.(6*) andR,, is the rotation matrix of the complial
Tr mied 4 died + kief frame and define the impedance as

whereel = 1 — nf andef = & — ¢f denote the errors Ml + dlppa + kipa = p (25)

between the coordinates;, & and theC? referencesn?,

¢ ande? = y, — o,.(6*). Moreover,m¢, d?, and k¢ for where @], = [ppa Upa Ppa] are the ZYX Euler angle

i € {||,L,r} are positive design parameters. The externaf RZ. In (25), ()T = [uf u§ uf] is the transforme

(projected) generalized forces are given by measured torque vecton? = TT(¢q)[0 RIJI;  7ear,

- with the transformatior'(-) given by (47) and the geometr
Tﬂ T 22) JacobianJ, of (48), see Appendix B. Note that representa
.y s e singularities do not appear in (25) fof,q| < /2.

The control law
The controller (19) is used as inner position control loog an

assuming perfect tracking, the actual tangential andversal Vso = wa + Ba(Ped)Ped
coordinatesy; and¢; as well as the orientatiop, in (21) can 4 B;(¢.q) ((ﬁpd + o2 (cﬁpd - @d) + o1 (Ppa — ¢ed)>

be replaced by the position controller referenggs £/, and (26)
y2. The impedance control law then follows as
g id with By(¢ed) = RaT(¢eqa) ande.q as the ZYX Euler angle
it = il + T_\ll _ _|(\iépd _ iez:d , of R¢ leads to the exponentially stable error dynamics
my My ! \d| : . . . .
; ; (232)  bea—bpataoz (bea — bpa) + 01 (Ged — Gpa) = 0, (27)
= /"zlde’ n = /ﬂde J for a,; > 0 anda,» > 0, cf. [24]. Hence, the orientatig
0 0 of the end-effectolR. converges to the desired complig
O b pa K a orientationR.,.
f_ m‘i S pd 8
N f N ) / . (23b) B, Kinematic Surface Following Control (kinematic SFC)
&= /gldT’ &= /gldT ’ The SFC introduced in the last section can be drasti
0 Ud J simplified when ideal subordinate velocity controllers
P = &,(0%) + Tr ﬂépd _ k_repd presumed and thus relation (3) is satisfied. The simpl|
md  md" a-r approach for the system (3) with output function (2) is regfdi
t t (23c) to as kinematic SFC. In contrast to the dynamic SFC,
yE = /ygdﬂ yP = /yfdf , surface parametrizatioar(6) has only to beC* because thy
9 5 (vector) relative degree of the system reduce$ltd, ..., 1}.

The coordinate transformatio®;, : R™ — R™ maps the

i d _ d pd _ d d _ . . .
with the errorsef” = ny —nf, e = {7 — &7, andel® =y~ generalized coordinates to the tangential, transversal, a|
o(67). Hence, in the combination of SFC with complianceqtational coordinateg, and reads as

control, the (external) references in tangential and atinal

direction to the surfacé are denoted by the superscripand R goh(q)
the references for the inner position control loop are deghot Vs = [dohi(q)| = Px(a), (28)
by the superscripp. h,(q)

In the three-dimensional space, the orientajgne R? is with g and 6 from (7) and (9), respectively. The sar
often represented by Euler "f‘“g@%_ = [pe Ve Y] - They  considerations as in Proof 1 lead to the finding tat is a
suffer from representation singularities and the 'mpedan(i’l-diﬁeomorphism in the feasible neighborhood of the stef
depends on the orientation of the compliant frame with respes
to the inertial frame when using the position control law)(19 gacause of (12), application of the feedback transforma
to computev, , together with the compliance control (23c), R
cf. [24]. To avoid these disadvantages, the approach ofif24] Qrep =I5 Ve (29)
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to the system (3), with new control input{,k =

[Vike Virr] wherevl, = [vg 1 vk2 vk,L], results in
a linear input-output relation from the new control input;

to the virtual SFC outpuf, in the form of m decoupled
integrators

(30)

ys = Vsk -

Unlike the SFC feedback law for the dynamic model, see (1

Note that for systems with very low (or compensated) fricti
compliance can also be achieved without a force sensq
dynamic PFC/SFC and the position control (19) or (41) v
small gains. For such systems, the operator’s input fésge
can be estimated from the drive forces/torqugs

The survey papers [2] and [7] distinguish between sey

%)roperties and classifications of virtual fixtures. Nume

Mhethods to define the geometry of the virtual fixtures

t;he computational demanding time-derivative of the Jaobip, t5nd in literature including point clouds and mesh gr
J does not appear in the kinematic SFC control law (29). The paths for PFC and the surfaces for SFC can be de

The position control law

p p
Vs kit T
— SR, P D
Vs, k = - 51 — Qgeg ’ (31)
Vs, k,r - p b3
Yr — ar€p

whereel =1 —ny, ef = § — &7, andel =y, —y?, yields
an exponentially stable error dynamics,aif > 0 with ¢ €

{n, &, r}. The impedance control law to compute the referenc

by splines allowing to approximate the geometry of
constraints and, additionally, leading to a continuoustror
output. Three classifications of virtual fixtures that can
generated with PFC and SFC are discussed in the folloy
and are experimentally validated in Section V.

ég Guidance and Forbidden Region Virtual Fixtures

nt, &7, andy? is identical to the dynamic SFC given in (23). Virtual fixtures can either guide an operator to and al|

As for the dynamic SFC, the computation of ;. , with
(31) and (23c) suffers from representation singularitrethie

a submanifold of the workspace (guidance virtual fixty
or prevent the operator from entering specific areas of

case ofy, € R2. To avoid these disadvantages, the approagtorkspace (forbidden region virtual fixture). Most of

of [24] is adapted for the kinematic SFC.
Using the geometric Jacobian in (13), i.d.,.= J,, for

the SFC feedback transformation (29) yields the linearesyst

yI =[] & w]] =], vI,,]- The control law

Vs ko = Wp — Bp(¢ep)a'r¢ep 5 (32)

with B,(¢ep) = R,T(¢.p), WhereR, is computed from
(24), andg.,, as the ZYX Euler angles dR? = R;Re, leads

existing methods to generate virtual fixtures enable only
of the two possibilities.

PFC and SFC ensure that the manipulator converges t¢
then remains on a path or surface. Compliance contr¢
tangential direction with low stiffness and damping enal
the operator to easily move the manipulator along the pai
surface. Hence, guidance virtual fixtures can be implente
using kinematic or dynamic PFC/SFC by simply adjust

the parameters in the position controllers and the impeal
control laws (23) and (42), respectively.

In the case of forbidden region virtual fixtures, the opar;i
is able to move the manipulator’'s end-effector freely ips
the feasible region of the restricted workspace without
manifold stabilization. Various control concepts like @aian
impedance control exist to generate such an unconstr;
motion, e.g., [25], [26], [27], [23], [28]. The limits of th

IIl. GENERATING VIRTUAL FIXTURES USINGPFCAND  yegtricted workspace are defined by parametrized surface

SFC Stiyi=1,..., M, and inside its feasible region, the short

The PFC and SFC approaches presented in Section Il atistance to each surface has to be computed. This cg
Appendix A decouple and exactly linearize the dynamiachieved by solving a global optimization problem to obi
in tangential and orthogonal direction to a path or surfaceach optimal surface parameter ved#r which is in genera
Thereby, PFC and SFC is only applied to the positiocomputationally quite intensive. SFC with the correspagc
parametrization of a path or a surfaceg, and S;, respec- surfaceS,; gets activated to prevent from entering the f{
tively. The reference orientation is coupled to the optim&lidden region, when the manipulator’'s end-effector cdst
path paramete6* (or optimal surface parameter vect8t) S;; and the input force of the operatdy, points into the
and given by the trajectory?(t) = o,.(9*(¢)). Hence, the forbidden region, implying thafly: — o+,:(8})|| < dy. as
behavior of the system along a path or surface and awagll as sy,;e] | (67)[I 0]f,, < 0 holds, whereo,; is the
from it can be defined independently and, furthermore, josition parametrization of the surfack;, ds. > 0 is the
a physically interpretable manner, which allows to reakize distance threshold, is the3 x 3 identity matrix, ands ¢, ; = 1
large number of possible virtual fixtures. In contrast toeothwhen the normal vectog; ; onto the surface; ; points into
virtual fixture methods, a systematic proof of the closesplo the feasible area ansl,; = —1 whene; | points into the
stability including the dynamics of the manipulator can bfrbidden region. The motion is then restricted by SFC 1{
given. A compliant behavior of the manipulator is achievethngential direction of the surfacg ; as long as the operator
by measuring the external force introduced by an operaiaput forcef,, points into the forbidden region. Unconstrair
fop = Jg—Trext and using the impedance control laws (23) amotion is activated again once the input force of the oper
(42) presented in the Section Il and Appendix A, respegtivelpoints into the feasible area, i.e., e! | (6;)[I 0]f,, > fs,

to the exponentially stable error dynamics

Qsep + ar‘d)ep =0,
with a,, > 0. For this derivation, the relations:gd =
T(pa) Ppa: wp = wa + Rawyy, wa = T(0(6%))a7.(6%)0%,
andw,, = we — wp = Rywl, = By(dep) e, are used.

(33)
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It is worth noting that we do not provide a stability prg

Sii for the overall switched system including the state macbin
Fig. 3. While this is not a big issue for static forbidden ey

virtual fixtures, it has to be investigated in more detail thoe

St dynamic case.
vt € St /
o B. Hard and Soft Constraints
[ R
Veij The behavior away from the virtual fixture defines the le
’ of guidance. Hard constraints do not allow any motion off
virtual fixture (negligible deviations always occur in ptiae
due to limited control gains), while soft constraints givere
compliance to allow the operator little freedom to deviaterf
the fixture.

Hard constraints can be implemented with kinematic
dynamic PFC/SFC by using the position controller (19), (I
(41), or (45) for the orthogonal directions with high gains
Using the combination of compliance control with PFC
SFC enables to realize soft constraints. The stiffness ¢
from the constraint can be adjusted witli. The impedanc
control laws (23) and (42) remain stable for a variable rstiffs
k¢ =k (&) > 0, with i = 1, 3. Hence, also nonlinear virtu;
) springs can be implemented. Note that for manipulators |
holds, wheref;, > 0 is a small force threshold that preventgery |ow (or compensated) friction, soft constraints casoi
from chattering between the control laws. be generated by using dynamic PFC/SFC together with
Assume that the two surface®; andS; ; intersect in the position controller (19) or (41) for the orthogonal directs
curvery, ;; as depicted in Fig. 2. Then, during active SFC witkvith small gains.
surfaceS, ;, y; € S:; holds, and the shortest distandg;;
to the intersection curve, ;; has to be computed. Once the
manipulator’s end-effector contacts the intersectioveyy ;;, C. Static and Dynamic Virtual Fixtures
thus also the surfac8; ;, and the operator's input forck,
points into the forbidden region of the surfasg;, i.e.,d.;; =
ly: — 0+,5(0;)|| < df- as well assy, je] | (65)[L 0]f,, <0
holds, PFC along the intersection curyg;; gets activated. . .
With active PFC, the optimal parameter]vectaﬂgs and 67 €.g. In robot-a_sss_ted hgart surgery [29], .
of the two intersecting surfaces have to be computed to beSuch dynamic virtual fixtures can also be |mplementgd\
able to switch back to SFC. The transition back to SFC witht C O SFC. Thereby, the path or surfaceS, remains
surfacesS, ; takes place whemf,._,jejTL(B;)[I 0f,, > frr constant, bgt the reference pgth or surfa_ce deviation igtad
holds and the transition to SFC with surfaSg; takes place corr_espondlng to_th_e dynamic w;tual flxtu*re._ For PFC’
when s;,;e! | (62)[I 0]f,, > f; holds. The resulting state desired path deviatiod\o;(t) € C at.at(e ) is projected
machine to Qenerate forbidden region virtual fixtures wieiCS onto the normal vectors, andey, leading to the transvers
and PFC is depicted in Fig. 3. Note that in the special Caser&terences
three intersecting surfaces in one point, set-point skabion i - i -
has to be added as control state with similar transitionso P &1 =e Aoy and & =epAoy (34)
as described above.

Fig. 2. Intersection of two surfaces.

Normally, the virtual fixtures do not change over time &
are static. However, in some applications the constraiate
to be changed dynamically to adapt to a changing environn

wherei = p for hard constraints and= d for soft constraints
For SFC, there is only one transversal direction onto

intersection surfaceS; and, hence, the transversal reference is given
surface contact curve contact
5; = AO_t ) (35)
uncon-
strained with ¢ = p for hard constraints, = d for soft constraints, an
motion the scalar desired surface deviatitwe, (t) € C2.
A desired path deviation of clag® implies a continuou:
f,, points into f,, points away output 7; or q..f, respectively, of the PFC/SFC feedbe
feasible area from one surface transformation. Note that the maximum deviation from a
or surface is limited by the feasible neighborhood, see

Fig. 3. Forbidden region virtual fixtures state machine. and [19].
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TABLE |
GUIDANCE VIRTUAL FIXTURES FOR MANIPULATORS WITH FORCE SENSA.
guidance virtual fixture type control laws
stat./dyn. | guidance | manifold dynamic kinematic
manifold level type PFC/SFC PFC/SFC
hard path (39),(41),(42a)| (43),(45),(42a)
static surface (17),(19),(233) | (29),(31),(23a)
soft path (39),(41),(42) | (43),(45),(42)
surface 17),(19),(23) | (29),(31),(23)
path (39),(41) (43),(45)
hard (42a),(34) (42a),(34)
surface 17),(19) (29),(31)
dynamic (23a),(35) (23a),(35)
path (39),(41) (43),(45)
soft (42),(34) (42),(34)
surface 17),(19) (29),(31) ) ] o ]
(23),(35) (23),(35) Fig. 4. Six-axis industrial robot.
D. Summary

A large number of virtual fixtures can be generated with
PFC and SFC by combining the methods described in ti1§ a six-axis industrial robot. Thereby, the control lawg)(]
section. Tab. | lists the types of guidance virtual fixtureatt (19), and (23) are used to stabilize the robot on a parab;
can be generated with either dynamic or kinematic PFC/SRE revolution. The operator is able to move the robot alj
for a manipulator equipped with a sensor to measure thedordge surface without effort by using low stiffness! and
introduced by an operator as well as the required contra.lavdamping dd| in tangential direction. The stiffness? and
If the manipulator has very low (or compensated) frictidn, 'dampingd‘{ in orthogonal direction are chosen rather high
is highly back-drive-able and virtual fixtures can be geteafa |imit the deviations from the surface. To avoid represeorg
using PFC/SFC without a force sensor. In this case, kinemagingularities of the orientation, the compliance contihs$
PFC/SFC cannot be used due to the high gains of the velogi#g) and (26) are utilized to compute the new orientatiomir
controllers. The types of guidance virtual fixtures that ban v, ,. The control parameters for (19) and (26) are liste(
generated with dynamic PFC/SFC for a highly back-driveeabtap. 11l and the impedance parameters in Tab. IV.
manipulator without force sensor are listed in Tab. II.

TABLE Il
TABLE Il CONTROLLERPARAMETERS FORDYNAMIC SFC/PFC.

GUIDANCE VIRTUAL FIXTURES FOR BACK-DRIVE-ABLE MANIPULATORS. _ )
Symbol  Value  Unit | Symbol  Value  Unit

guidance virtual fixture type control laws an,0 4913 1/s3 ag,0 17576  1/s3
static/dynamic| guidance | manifold dynamic an,1 867  1/s2 ag1 2028  1/s?
manifold level type PFC/SFC an,2 51 1/s ag 2 78 1/s
T path (39),(41) aoq 2700 1/s% | aga 90 1/s
static surface (17),(19)
soft Sﬁf}g‘ce 83;&3 Note that this experiment is equal to an implementatio
hard path (39),(41),(39) soft guidance virtual fixtures on a surface.
dynamic ar surface || (17),(19),(35)
soft path (39),(41),(34)
surface || (17),(19),(35) A. System

Compared to guidance virtual fixtures, the generation 8fThe six-axis industrial robot of Fig. 4 is used for ¢
) . . g . g . riment. Its Denavit-Hartenber rameters are lig
forbidden region virtual fixtures with PFC/SFC requires mo Xperiment. Its Denavit-Hartenberg parameters are ligte

I- . . . .
. - . .. Tab. V I 7kg.
implementation and computational effort due to the switghi a'tlzhe argzlljl_tfsorrggc?uurg p?eﬁigrligi\gzoby frorgn ME-
between the control laws. With the described method, onMESSSYSTEME is a?tached to the robot's end-effec

static forbidden region virtual fixtures with hard consttai

can be generated, where the same control laws as listed in
Tab. | or Tab. Il for a static manifold and hard guidance level TABLE IV

are used. Dynamic virtual fixtures or soft constraints regjui ~ COMPLIANCE CONTROL PARAMETERS FORDYNAMIC SFC/PFC.
different switching strategies, which are subject to farth

Symbol  Value Unit | Symbol Value Unit
research. mj 3 kg md 3 kg
d 90 Ns/m dd 150 Ns/m
V. EXPERIMENTAL VALIDATION OF THE DYNAMIC SFC kl(il 15 N/m K 5 KN /m
The combination of the dynamic SFC with compliance md 0.2 kgm? kd 34.4 Nm/rad
control introduced in Section Il is experimentally validdt d 246 Nms/rad
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TABLE V
DH PARAMETERS OF THE INDUSTRIAL ROBOT é Su;fa(’;:est
— outputy;
7 | di a; [e7} || 7 | di a; (67} * yt(tzo)
T [043m 015m I |[4]0684m 0 —=
2 0  059m 0 || 5 0 0oz |
3] 0 013m T 6| 0otm 0 0 T
1k
K6-DA40
Winnedhs”
' operator handle \Nwa8G797
Td, (q'ref)
DS1006
servo
A, Toat control

N\

Fig. 5. Experimental setup.
g P P Fig. 6. SurfaceS; and measured outpyt; of the dynamic SFC experimen

Hence, the results of this experiment confirm that
proposed SFC approach is well suited to be combined

and used as haptic input device. The dynamic paramet§REnpliance control.

including Coulomb and viscous friction are identified using

linear regression methods described in [30] and [31]. V. VIRTUAL FIXTURE IMPLEMENTATION EXAMPLES
The dynamic SFC is implemented on the real-time systemThis section presents four additional implementation ex

DS1006 from bSPACE with a sampling time dfs = 1ms  ples of virtual fixtures generated with PFC/SFC. For this,

and the torque commands are sent to joint servo controllers.experimental setup of Section IV-A is used. These exan

The experimental setup is depicted in Fig. 5. Newton’s mtth@omprise the following virtual fixtures:

is applied to solve the optimization problem (4) numerigall Example 1: Static guidance virtual fixtures on a path wit |
The numerical integration (7) is implemented using the iekpl constraints

Euler method. Example 2: Static guidance virtual fixtures on a path v
hard constraints

B. Measurement Results of the Dynamic SFC Example 3: Dynamic guidance virtual fixtures on a path v
The surfaceS is defined as a paraboloid of revolution with ~ hard constraints
constant orientation using the smooth parametrization Example 4: Static forbidden region virtual fixtures with ¢h
(01 +0.83)m constraints
(62)m PFC and SFC are implemented on the real-time syy
a(0) (12.5(62 + 63) + 0.6)m DS1006 from DSPACE with a sampling time df, = 1 ms
o(0) = { o ] = 0 (36) and the torque commands are sent to joint servo controllef
" /4 When the kinematic PFC/SFC is used, the reference
T —0.1 velocities q,.¢ are transferred to the servo controller instg
) ) o of the torques. For details on the implementation, the ne
and is depicted in Fig 6. is referred to [17].

d
The external references] and¢{ are set to zero. Hence, g operator does not have any optical feedback abot

the robot's motion is only caused by the input forces of the,i/surface or the deviation from the path/surface duitieg
operator via the impedance control law (23) and is depimedéxperiments. )

Fig. 6. Fig. 7(a) shows that the desired motion on the surface
ny = [0, n},]" is tracked very well. The desired deviation ) ) _ ]
from the surface, corresponds with the operator’s input forcé®: Example 1: Static guidance virtual fixtures on a path v
in orthogonal directionr,, cf. Fig. 7(b) and Fig. 7(c). An SOft constraints
operator force of less tha2ON is necessary for the motion Guidance virtual fixtures on a pathwith soft constraintg
along the surface. Fig. 7(d) and Fig. 7(e) show that ttere generated by a combination of the dynamic PFC
impedance of the orientation behaves as specified. The fissth compliance control (42) and (41). The robot’s el
three joint torques are depicted in Fig. 7(f). effector is supposed to move on a horizontal circle withual
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Fig. 7. Experimental results of the dynamic SFC validation.

effort. The stiffnessk¢ and dampingd? in orthogonal di
rection are chosen rather high to limit the deviations frive
o ST 9 path. The orientation is also made compliant with respeat.
4 ' e . by applying the control law (26) for the inpwt, ,. The control

‘ ' B parameters for (26) and (41) are listed in Tab. Il and
. ; , impedance parameters in Tab. IV. The external referenge
< ‘ S ' &4, andgd are set to zero. For a free motion along the pat|
RO = the tangential stiffnessﬁ can be set to zero. In the followir

’ —— outputy; experiments, howevek;f is set to a very low stiffness to lim

* yi(t=0) the drift along the path resulting from force sensor bias.

: - pathy In the experiment, the operator moves the robot along
2, - 0 circle for approximatelyl% revolutions. In the middle of th
2, 0.9 o1 @ experiment, the robot is pushed down in negatiyelirection

’ gc\ to deviate considerably from the path, cf. Fig. 8.
Fig. 9(a) shows that the arc length on the cirglefollows
Fig. 8. Pathy: and outputy; with soft guidance virtual fixtures (Example 1). the reference,f, which is the output of the impedance cont
law (42a). The robot deviates from the circle correspont
to the external forces. This gets clear by comparing
transversal stated and¢l in Fig. 9(b) with the external force
Tpe = 0.15m and centey;C =[0.83 0 0.9Jm and the constant 7, andry in Fig. 9(c). The deviations of; from ¢?, i = 1,3,
orientationo| = [0, 7/4, 7 — 0.1]rad, cf. Fig. 8. mainly occur at joint velocity zero crossings and are cat

A low stiffnessk(f and dampingi| in tangential direction by uncompensated friction effects.

enable the operator to move the roi:)ot along the circle withou The rotational coordinates, the external torques as we

0.89k )

zo iIN M

0.7
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Fig. 9. Experimental results for soft guidance virtual foesi (Example 1).

robot from the beginning of the spline path until the end |
the first three joint torques are depicted in Fig. 9(d), Fi@)9 then backwards again, cf. Fig. 11(a). During the backw;

and Fig. 9(f), respectively. The Euler angles;, ¥pq, andypy

represent the desired deviation from the reference otienta the path, which can be seen in Fig. 11(c). Fig. 11(b) sh

o, which is caused by the external torques, 4.4, and ..
Again, errors between the actual deviationy, ¥eq, and ey
and the reference deviatian,q, ¥,q4, and,q mainly occur

motion, a considerable force is applied in normal directiol

that the robot remains on the path with deviations of lesa
0.4mm. The orientation of the end-effectgf = [, V. V]
follows the reference orientatian.(6*) without notable error:

at joint velocity zero crossings. even with applied external torques, cf. Fig. 11(d).

B. Example 2 Static guidance virtual fixtures on a path witlt. Example 3: Dynamic guidance virtual fixtures on a p|
hard constraints with hard constraints

In this implementation example, the kinematic PFC (43) The same control law of Section V-B and path of Sec|
with the position controller (45) and the analytic Jacoblan \.A with constant orientations! = [0, 7/4, 7 — 0.1]rad are
(49) in (38) is used to restrict the robot's motion to a patkmployed in this implementation example, but now, the rs|
Additionally, the impedance control (42a) for the tangadi-  of the circle is a function of time and given by, (t) =
rection, with parameters:, d/f, andk| from Tab. IV, allows . 4 g, sin(2rf,,t), With a,, = 20mm and,, = 0.5Hz.
the operator to move the robot along the path without effort.
Hard constraints are ensured by setting the referencesédor t
transversal stateg’ and¢l as well as their derivatives to zero.
The orientation is also made stiff by setting the referemce t

TABLE VI
CONTROLLERPARAMETERS FORKINEMATIC PFC.

T % .
P = U;r(e ) = [‘Pp. Up 1@10]' Tab. VI .|IStS t.he Contm.l Symbol  Value  Unit| Symbol Value  Unit
parameters. The path is defined by cubic splines and its an 10 /s ag 15 1/s
position party; is depicted in Fig. 10. The operator moves the ar 12 1/s
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unconstrained movement of the manipulator inside the I
region of the restricted workspace. Thereby, the param
mﬁ, kﬁ, anddﬁ from Tab. IV are used.

Once a limiting surface is reached, kinematic SFC (
with position control (31) and? = 0 is activated to prever
the robot from entering the forbidden region. The impede
control law (23a) is used to compute the two elements ol
referencen! with parameters from Tab. IV.

Kinematic PFC (43) with the controller (45) gets act
when the robot reaches the intersection of the two surfé
i.e., a plane intersects the cylinder or the paraboloic
revolution, hence, the path is a circle with raditg or r,,..
Additionally, the impedance control (42a) for the tangain
direction, with parameters from Tab. 1V, allows the oper¢
to move the robot along the path without effort. Admittal
control (AdmC) gets active again once the intended mag
from the operator points away from the forbidden region.

Continuous tangential velocities at the transitions
ensured by setting the initial tangential references
ﬁf(tsvyitch) [I O]JSQ(tswitch) and ﬁf(tswitch)
Hence, the radius of the circle constraint oscillates betwe[1 0]J,¢(tswiten), respectively. The analytic Jacobidh, is
Tp,min = 0.13M andry, ;4 = 0.17m with a period of2s and used for the PFC (43) and SFC (29). Tab. VIl lists the cor|
Ao (t) = aypsin(2m frpt) [cos(d) sin(f) 0]. The impedance parameters.
control (42a) for the tangential direction, with paramsteom
Tab. 1V, allows the operator to move the robot along the path
without effort.

Hard constraints and dynamic virtual fixtures are imple-

—— outputyy
--- pathy,

Zo INM

0.8

0.8

0.85
) 0.9
1‘0 /'n [77

0.95

Fig. 10.
ple 2).

Pathy; and outputy; with hard guidance virtual fixtures (Exam-

TABLE VI
CONTROLLERPARAMETERS FORKINEMATIC PFC/SFC.

. Symbol  Value  Unit| Symbol Value  Unit
mented by setting the references for the transversal states an 5 /s ac 5 /s
P =el Aoy = a,psin(2rfpt) and&s = el Aoy = 0. The ar 12 1/s

PFC control parameters are listed in Tab. VI.

In this implementation example, the operator moves theln the experiment, the robot starts inside the feasible
robot along the oscillating circle for almost one revolatio at pointy/, = [1.094 0.02 1.077]m, which is marked with a
The velocity of the robot along the circle is increased dyrirasterisk in Fig. 14. AdmC is activated and the operator m
the experiment to show the time dependency of the virtule robot towards the paraboloid of revolution (path A). ©
fixture, cf. Fig. 12, where the circles with the minimum andhe paraboloid of revolution is reached, SFC gets enable
maximum radiusy, min and 7, max, as well as the robot's prevent the robot from entering the forbidden region (path
end-effector positiory, in the horizontal plane are depicted. AdmC gets active once the input force of the operator pc

Fig. 13 shows the tangential, transversal states, the-exi@way from the surface of the paraboloid of revolution. Ni
nal forces, and the torques of the first three motors. THee operator moves the robot towards the cylinder (path
transversal referencg oscillates an.5Hz with an amplitude SFC gets enabled again when the surface of the cylind

of 20mm and the state, follows without noticeable errors, reached and the operator moves the robot along the cyl
cf. Fig. 13(b). towards the lower vertical limity min = 0.7m (path D). Wher

the lower vertical limit is reached, PFC on a circle with )

. . . . . _ Tey gets active because the operator’s intended motion p

D. Example_4: Static forbidden region virtual fixtures with, negativez, direction and to the outside of the cylinder (p;

hard constraints E). The operator’s input force then points into the insidéhef

Forbidden region virtual fixtures with hard constraintsylinder and SFC on they-plane withzy min is enabled (patf

are implemented in this experiment. The robot's motion ). On the last path segment, the robot is moved in pos
restricted to a cylinder with radius., = 0.2m, height zo-direction with AdmC (path G).

hey = 0.4m, and vertical rotation axis with the coordinates Fig. 15 shows the tangential states, the transversal st

Zre = 0.9m andy,, = 0. Additionally, a paraboloid of external forces, and the first three motor torques of theand

revolution with heighth,, = 0.2m, radiusr,, = 0.076m,
and rotation axis coordinates,, = 0.95m andy,, = 0
further restricts the workspace inside the cylinder, cf. Hi4.
A Cartesian position-based impedance control [23], [28k(0

along the cylinder with SFC (path D). The first tangentiates
71,1 represents the arc length of the trajectory projected or
xy-plane and the second tangential statg represents the-
component of the trajectory. The transversal sfateepresents

denoted as Cartesian admittance control) is used to enablele deviation from the cylinder, where negative values &
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Fig. 11. Experimental results for hard guidance virtualuiigs (Example 2).

0.2F T T T T
less tham).2mm.

VI. CONCLUSIONS

0.1F
This paper introduced a combination of surface follow

control (SFC) with compliance control and presented a |
— outputy; following control (PFC) and SFC approach to generate Mir
* yi(t =0) (- fixtures for physical human-robot interaction. This apgio
=== % @ Tpmin h allows to systematically implement a large number of défei
~ = @ Tpman / constraint types like guidance and forbidden region vir|
fixtures, hard and soft constraints as well as static andrdin
ﬁ virtual fixtures and their combinations. The ability to U
splines for the path and surface definition enables a
flexibility for the geometry of the virtual fixtures. Guidam
virtual fixtures with hard or soft constraints can simply
—02k : 1 1 — generated in a straightforward manner with PFC or S
’ ’ Forbidden region virtual fixtures require more implemeinta
and computational effort, because the distance to eachcg|
in the unconstrained motion state and to each intersecttn
in the SFC state has to be calculated in every sampling icst
to ensure a proper switching between the control state
more efficient method to find the closest surface coulc
part of future research as well as dynamic forbidden re
penetration of the forbidden region. Hence, the penetrdato virtual fixtures and forbidden region virtual fixtures withfs

Yo in M
(e}
T

Fig. 12. Pathy; with the time varying radius, (t) = rpc+arp sin(27 frpt)
and outputy; with dynamic virtual fixtures (Example 3).
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Fig. 14. Forbidden region and measured outputExample 4).

constraints. For a verification of the method, five different Td
experiments on an industrial robot were performed and shew the system (1) with output function (2) results in a |

very good results.
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APPENDIXA
PATH FOLLOWING CONTROL

In this section, the PFC control law of [17] for the dynar
system (1) is shortly revisited and the simplification foe
kinematic model (3) is introduced.

A. Dynamic Path Following Control (dynamic PFC)

The tangential coordinatg for the PFC is defined as tk
arc length of a path; and the transversal coordinatgsand
&3 are defined as the projection of the shortest distance t
path onto the normal vectors, and eq, respectively. The
vectorse|(6), e1 (7), andeq(0) span an orthonormal parall
transport frame to the path, at o:(0), where # denotes
the path parameter ang|(f) the tangential unit vector. W
introduce the virtual outpu] = hl(q) = [n1,&1,&,¢7]. Its
time-derivative is given by

Vp = Lp(@)y = Jp(@)q (37)
with the PFC Jacobian
jp(Q) = L,(q)J(q) (38)

and the matrices

5(Yt)e|T\
v = [P? 7] and m@ - | o |
€

where the scalaf(y;) depends on the distance to the p
and8(y; = a¢) = 1 holds, cf. [17].
Application of the feedback transformation, see [17],

=n(q,q) — Tear + D(@)J, (@) (v = Tp(q,4)q) (39)

ear input-output relation from the new control inpu;ﬁ =
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Fig. 15. Experimental results for forbidden region virtdiatures for the path segment D in Fig. 14 (Example 4).

. d d
(Vi Vi), wherevi, = [y wvi wa] to the virtual &gl y % B %égd_ k—beé’,d,
outputy, in the form ofm integrator chains of length two my  mq ¥ omq
¢ t (42c)
Vp =V . (40) $=/$m @z/%m,
0 0
The position control law with y? from (23c) and the errore?? = 7} — n{ ande?? =
&P — ¢4. The same approach as described for dynamic
fi‘f — ap2€h —ay1€eh can be used to avoid singularities in the casgrpof R2.
_ [vpe] |81 — ae2€l, —acaeg
vp = [V;) J = lér_a Qéél ~a 161? » (41) B. Kinematic Path Following Control (kinematic PFC)
VP —a é% —a, e; As in SFC, the PFC control law can also be drastic
Yr r,2%y r,1€y . . _ . .
simplified when ideal subordinate velocity controllers

whereel = - Y, 615)1 =& f'ff, 653 =& — &, and.
e? =y, —y®, yields an exponentially stable error dynamic
if a;; > 0 with ¢ € {n,{,r} andj = 1,2. The reference L
position on the path is denoted by and the references for
the orthogonal states bg? and ¢,. The reference for the
orientation is given by? = o,.(6*).

Using the position controller (45) and assuming perfe
tracking, the impedance control law follows as

@f the feedback transformation

to the system (3), with the new control inpwt;k
Vpkt Vikr), Wherevl = [vg | vk 1 vkm], results

Yo = Vpk - (44)
o d ke i
sp—pd o T gpd W pd The position control law
m =" Tl’ld md n md n o p
il Il Il 42 m — angeh
a |
Y [ ze) Vo = [V ] = |81 T e, (45)
= /nfdﬂ n = /n{’dr : PR Vg & —agel |’
0 0 yE —arel
A N d_%ézgd _ %e’gd ’ yields an exponentially stable error dynamicsgif> 0 with
T omi o omi i€{n&r}
t t (42b) The impedance control law to compute the referenges
g’f = /g"de, e /g'de , &Y, €8, andy? is identical to the dynamic PFC and given
n n (42)

employed, see (3). Because of the relation (37), applicg

Iipear input-output relation from the new control inpyj;, to
ffie virtual PFC outpuy,, in the form ofm integrator chaing

(43)

in g
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APPENDIXB
GEOMETRIC AND ANALYTIC JACOBIAN

[13]

The relationship between the angular velocity of the enf@4]
effector w. expressed in the inertial frame and the time-
derivative of the Euler angleg. given in ZYX convention [15]
¢l =1[p U v reads as, see [26],

we = T(¢e) e (46) [16]
with (7
0 —sin(p) cos(p)cos(V)
T(¢p.) = |0 cos(p) sin(p) cos() 47)
1 0 — sin(¢) [18]

We now have to distinguish between the manipulator (geomet-

ric) JacobianJ, and the analytic Jacobiah,, where [19]
Vi| _ 1
[we =Jgq (48) 20
and ) 21]
Yt .
| =Jaa (49)
Lbe] ‘
. . . [22]
holds, with the analytic Jacobian
I 0
Jo = _ J, . 50
¢ [0 T 1(@)} g (50) g
[24]
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