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Abstract— The ability to handle contact makes robots qualified
for many complicated tasks, such as welding, hammering, and
wiping. Robot cameras facilitate position planning and control
without the geometric knowledge of contact surfaces since they
can project contact surfaces onto a 2-dimensional image plane.
However, existing hybrid vision-force control (HVFC) methods
still rely on this knowledge to project the force on the constraint
subspace and do not adequately leverage the redundant degrees
of freedom (DoFs) for redundant robots with contact tasks. This
paper proposes an enhanced HVFC solution for redundant robots
equipped with an eye-to-hand camera to unify HVFC in the
Cartesian space and impedance control in the joint nullspace
into one closed-loop dynamics with rigorous stability guarantees.
Any geometric knowledge of contact surfaces is not required by
projecting the force into the redundant space of the visual task
rather than the surface’s normal space. Experiments on a seven-
DoF collaborative robot have verified that the proposed method
is qualified for simultaneous contact tasks in the Cartesian space
and compliant interaction in the joint nullspace.

I. INTRODUCTION

Contact between robot tooltips and environments frequently
occurs during complex operations, flexible object manipulation,
and interactions [1]. The ability to handle robot-environment
contact becomes crucial for versatile robots to assist humans
with repetitive, tedious, and time-consuming tasks in factories,
such as spot-welding, deburring, and assembly [2]. Hybrid
position-force control has been widely studied to tackle robotic
applications with surface contact, e.g., see [3]—[8], where the
essential idea is to control position and force in two separative
subspaces [9]. But many of the existing methods rely on the
geometric knowledge of the surface [3], [4]. Although some of
them get rid of this dependency [5]-[8], challenges remain with
aspect to computational efficiency, rigorous stability analysis
[5], the complex mechanical structure of macro-micro robots
[8], and a stringent condition of persistent excitation for the
accuracy estimation of the surface normal [6], [7]. Moreover,
as the desired signal of the above methods is the Cartesian
coordinate of the contact point, surface-based position planning
requires the extra processes of offline teaching without the
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surface geometry, degrading their practicability for real-time
operations and teleoperations.

Cameras (i.e., vision sensors) can project 3-dimensional
objects onto a 2-dimensional image plane. Thereby, position
planning and control can be directly operated on the image
plane through image-based visual servoing without any prior
geometric knowledge of the surface. Besides, cameras facilitate
teleoperation, enabling robots to work in tough and dangerous
environments. Therefore, hybrid vision-force control (HVFC),
as a natural evolution of hybrid position-force control, has
attracted much attention, where the vision feedback from a
monocular camera with the eye-in-hand [10], [11] or eye-to-
hand (ETH) [12]-[15] configuration can be applied to control
the position on the surface for various robots, e.g., unmanned
aerial manipulators [10], rigid robot manipulators [11]-[14],
and soft robots [15]. Regarding the HVFC methods for rigid
robot manipulators, there exist several limitations: 1) The
exact surface geometric knowledge is required in [12]; 2) an
approximate surface normal instead of the exact one is used in
[14]; 3) the tooltip orientation or contact force is assumed to
be along the surface normal, which are then used to estimate
the surface normal in [11], [13]; 4) none of them fully exploit
the redundant property of multi-DoF robot manipulators.

Motivated by the above investigation, this paper presents a
novel HVFC framework for redundant robot manipulators with
a monocular ETH camera to perform contact tasks on rigid
surfaces. Specifically, two translational degrees of freedom
(DoFs) of the tooltip are allocated for precise position control
on contact surfaces, while an additional DoF is dedicated to
force control so that it does not require any prior geometric
knowledge or the extra model estimation of contact surfaces.
The desired target is expressed in image coordinates, which
eliminates the need for geometric knowledge in position plan-
ning. Moreover, the remaining DoFs are effectively employed
for nullspace impedance control to ensure safe interactions
to some extent by sufficiently exploiting the redundancy of
multi-DoF robot manipulators. Hence, the proposed method
unifies visual servoing, force control, and impedance control
in a stable closed-loop system, which distinguishes it from
existing HVFC methods. Experiments are conducted on a
seven-DoF collaborative robot to validate the qualification
of the proposed HVFC for contact tasks on rigid surfaces and
compliant interactions in the joint nullspace.

Notation: R, R*, R™, and R™*" represent the spaces of
real numbers, positive real numbers, real n-vectors, and real
m X m-matrices, respectively, N denotes the set of natural
numbers, 0 denotes a zero matrix or vector, max{-} denotes
the maximum operator, ||x| denotes the Euclidean norm of
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x, diag(zy, 29, -+ ,2,) is a diagonal matrix with diagonal
elements x; to x,,, and rank(B) is the rank of B, where n, m
eN,xzeR" z; e R, A; € R™*" and B € R™*",

II. CAMERA PROJECTION MODEL

Consider a redundant robotic system in Fig. 1 where an ETH
camera is fixed on the world frame {B}, and a feature point
@ is rigidly attached to the robot end-effector. Without loss of
generality, we assume that @ is the tooltip. Then, the projection
model of a pin-hole camera is built in this section.

Let z(t) € R3 denote the coordinate of Q in { B}, p(t) =
[u,v,1]7 € R? be its homogeneous pixel coordinate on the
image plane, u(t), v(¢t) € R be the coordinates at the u and v-
axes, respectively, K € R3*3 be an intrinsic camera parameter,
and ¢T3, € R3** be an extrinsic camera parameter given by

T, = [“Ry  “ty) (1

with °R}, € R3*3 and “t;, € R? denoting the rotation matrix
and the translation vector from the world frame {B} to the
camera frame {C'}, respectively. Then, the projection model
of a pinhole camera can be represented by [16]

p="(Re+1) @

in which R := K°Ry, € R3*3 and t := K°t, € R? are two
constant parameters of the ETH camera, and z(¢) € R is the
depth of @ in {C'} calculated by

2(t) = rix + t3 3)

in which 1’3T € R3 is the 3rd row of R, and t3 € R is the 3rd
element of . Taking the time derivation of (2) and (3), one
gets the following velocity relationships:

p(t) = %Aa‘c eR’, )
st)y=rizcR 5)

where A(t) := R — prl € R®*3 is an depth-independent
image Jacobian matrix .

VLA

Fig. 1. An illustration of a redundant robot with vision and force feedback,
where the robot has more DoFs than tasks in the Cartesian space.

ITII. A UNIFIED CONTROL FRAMEWORK

In the redundant robotic system shown in Fig. 1, the position
x of the tooltip (i.e., ) is observed by an ETH camera, and
a force sensor mounted on the wrist is used to measure the
contact force F, € R3. Fig. 2 shows the block diagram of the
overall system, where impedance control is implemented in the
joint nullspace to fully use robot redundancy, and an HVFC
method is developed in the Cartesian space to perform surface
contact tasks with 3 DoFs.

A. Joint Nullspace Impedance Control

The dynamics of an n-DoF redundant robotic manipulator
can be described by an Euler-Lagrange formulation

M(q)4d+C(q,q)q+g(q) = Tc + Te (6)

where g(t), ¢(¢) and ¢(t) € R™ are vectors of joint positions,
velocities, and accelerations, respectively, M (q) € R"*™ is
an inertial matrix, C'(q, q) € R™*" is a centripetal-Coriolis
matrix, and g(q), 7(t), Te(t) € R™ are vectors of gravity,
control, and external torques, respectively. Note that 7, can
be measured by torque sensors or estimated as in [17]. The
velocity & € R? and acceleration & € R? of the feature point
@ in the Cartesian space are generated by

& =J(q)q, &=J(q)i+J(q)q ™

where J(q) € R3*™ is the translational part of a robot Jacobian

of ). As only the nonsingular case is considered here, one has

rank(J(q)) = 3. Let the nullspace projection matrix be N :=

I—JNJ € R with JN .= M~ JT(JM-1JT) " €

R™*™ [18]. Then, IV has the following properties: 1) JN = 0;

2Q)NM~'JT =0;3) NN = N;4) MN = NT M [19].
Applying an overall control torque

1. =J"(q)F. + MNT,+ C(q,4)d +g(q) (8

to (6) with F, € R3 and 7, € R™ being the input forces in the
Cartesian space and joint nullspace, respectively, one gets

G=M1'J'F, + Nty + M 7. )

Extrenal torque 7. and joint state g, ¢

Nullspace imepdance
control 7y, in (10)

Visual control
Ksp
Force Control
kfF e

I\
Cartesian space hybrid
control F, in (13)

Perception
system
Torque sensor

Force sensor
Camera

Robotic system

Contact force F ‘

Feature point p

Fig. 2. A block diagram of the proposed HVFC framework. Note that this
framework does not depend on any geometric knowledge of the contact surface,
and the control torque 7 and the hybrid control force F¢ also include other
items that are used for nonlinear compensation.
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Design a control torque 7, in the joint nullspace

To = Ga — M7 (Baq + Ka4), (10)

where §(t) := qa(t) — q(t) € R™ is a tracking error with
qq(t) € R™ being the desired joint position, and My, By, and
K4 € R™ ™ are the positive-definite desired inertia, damping,
and stiffness matrices, respectively.

B. Cartesian Space Hybrid Control

Letp := p—pq € R? be apixel errorand F, := F,— F; €
R3 be a contact force error, where pg € R® and Fy € R?
are the desired pixel position and the desired contact force,
respectively. Then, the objective is expressed by

p—0, F, — 0.

First, left-multiplying both sides of (9) by J and using the
property JN= 0, one obtains

Jig=JM YJTF, + JM 1. (11)
Then, combining (11) with (7) leads to
A& —AJ(q)g = F. + AJM ™', (12)

with A := (JM~1JT)~! € R3*3, Before giving the hybrid
control force Fi, we present the following property.

Property 1: Let D := AT + 1rsp” € R¥3 and Z :=
[dy,ds, 73] € R3*3 with d; € R? being the ith column of D.
If rank(R) = 3, one has rank(D) = 2 and rank(2) = 3. Besides,
denoting ¢T € R? as a normalized vector of the 3rd row of
Z 1 onehas ¢T¢ =1,¢"D =0,and D¢ = 0.

Proof: 1) Using the definition of A in (4), one gets

1 . 1 .
D=AT + irng =RT — 1°3PT + §7°3PT

1
=R" - 57'3(1’ +pa)" = (R" —rsn")

with g = [n1,m2,m3]" := 3(p+ pa) € R¥and n3 =1, s0
D= [7’1 — mr3s T2 — 1273 0] )

Zn=[ri—mrs T2—mrs 7).

If rank(D) < 2, there must exist two real numbers k1, ks € R
that are not all 0, such that k1 (ry —m173) + ko(ro—n2r3) =0
that can be rearranged to k71 +kora+(—k1m1 —kona)r3 = 0.
As this equation collides with rank(R) = 3 even when —k17; —
kans = 0, there must have rank(D) = 2. We can get rank(Z)
= 3 by a similar way. Additionally, as ¢7 is the normalized
vector of the 3rd row of Z~ 1 and Z='Z = I, we have (T Z =
[O,O,CT’I":),], i.e., CT(’I”l — 7711”3) = O, CT(TQ — 7727"3) = 0,
which implies ¢” D = 0 and D¢ = 0. [ |
The hybrid control force F¢ is given by

F.=-AJ(q)g — ATM '1. — (K, + Q(q,4))&
— ke¢¢TF, — DKp — DT DT Ky, (13)
with D := [d,, d] € R**? being a full-rank submatrix of D,
D* .= D(DTD)~" € R?*?, and )(q, §) := —AJM~1JjTA
FAJMTCM~YJA € R3%3 in which K, € R3%3, Ky ¢
R3*3, K, € R3*3 and k; € R are positive-definite control

gains, and § satisfies the skew-symmetry of A — 20 [20]. Then,
substituting (13) into (12) leads to the following closed-loop
dynamics in the Cartesian space

A&+ (K, + D DTK1+ Q)& = —ke¢¢TF,— DK p. (14)

Note that the 3rd column of D is 0, and one has ¢*'D = 0 and
DTD*DT = DT from Property 1.

C. Theoretical Results With Stability Analysis

The following theorem concludes the theoretical results of
the proposed HVFC method.

Theorem 1: Consider a redundant robotic system (6) driven
by the control law composed of (8), (10) and (13). The closed-
loop dynamics has global stability in the sense that:

1) The robot manipulator has a compliance behavior in the

nullspace (i.e., the projection space of N);

2) The projected contact force error CTFQ exponentially
converges to 0;

3) The pixel error p asymptotically converges to 0 such that
the tooltip (i.e. the feature point ()) reaches the desired
contact point on the surface.

Proof: 1) Left-multiplying both sides of (9) by N and
using the property N A/ ~1JT = 0, one obtains the closed-loop
dynamics in the nullspace as follows:

N(G—m—M'r)=0. (15)
Substituting (10) into (15) yields
N(q+M;'(Bag + Kaq) — M7 '1) =0  (16)

which shows the compliance feature in the nullspace. Particu-
larly, if the desired inertia is chosen to be the same as the robot
inertia, i.e., Mq = M, one has

NM~Y (Mg + (Baq + Kag) — 1) = 0.
As MN = NT M, the above equation can be rewritten to

NT (M@ + Bag+ Kag — 1) = 0. (17)

Thus, the robot has a compliance behavior as M G + Bag +
Kaq — 1. = 0 with the user-specified desired damping Bq
and desired stiffness /g in nullspace.

2) Left-multiplying both sides of (14) by ¢7 and using the
properties (T¢ =1, ¢TD = 0 and ¢T'D = 0 yields

¢T (A& + (Ky + Q)& + keFe) = 0. (18)
Hence, one obtains the subspace closed-loop dynamics
A&+ (K, + Q)& = —kF,. (19)

The contact model of a rigid surface can be expressed by
Fo(t) = Ko(2(t) — o)

where K, € R3%3 isa positive-definite stiffness matrix, and
x, € R?is a constant equilibrium position of the contact point.

Thus, for a constant Fy, one has Fy(t) = Fi(t) = K.a. Select
a Lyapunov candidate function

Vi = 2" A& + ke FT K E,.
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Taking the time derivation of V; leads to
Vi = 28T Aé + &TAd + 2k FTKLE,.

Applying the above equation, (19) and the skew-symmetry of
A— 2(, one gets Vf = —2&T K & < 0. From the Invariant Set
Theorem [21], & eventually reaches an invariant set M; :=
{&|V; = 0} with & = 0, which implies by (19) that & = 0 and
F, = 0 in the projection space of ¢T. Therefore, one obtains
the convergence of ¢ TE, -0 exponentially.

3) Left-multiplying (14) by DT and applying the properties
DT¢ =0and DTD*TDT = D7 yields

DT (A% + (K, + K1 + Q)& + DK,p) = 0.
Thus, one gets another subspace closed-loop dynamics

Aé + (Ky + K1 + Q)& = —DEKp. (20)

Select a Lyapunov candidate function

1 1
V= §¢TA¢ + §z15TK515.

Calculating V and using A — 2Q = 0 yield

. 1 . . 1
V =aTA& + 5a‘cTAa'c + 2pT Kop + izﬁTKsﬁ

C1
=2p Kp+ géﬁTKsﬁ —&T(K, + K))& — &7 DK,p.

Applying (4) and (5) results in

- . 1 - I - -
2pT Kop + 5szKsp =aT ATKp+ §wTr3pTKsp

1
=z7(AT + 5TsP) P = " DKp.
Combining the above two results leads to
V =—a"(K,+ Kz <0.

Therefore, @ ultimately converges to a set My := {&|V = 0}
with & = 0 from the Invariant Set Theorem [21], which in
turn implies DK p = 0 from (14). As rank(R) = 3, one has
rank(D) = rank(D) = 2 from Property 1. Hence, one gets
p = 0, as rank(K) = 3 and the available dimension of p is 2
excluding the 3rd element with a constant value of 0. [ ]

Remark 1: In the hybrid control force F, (13), K and k¢
are the gains of the pixel error p and the projected force error
CTFQ, respectively. The dynamics in (19) and (20) indicate
that K, is the damping for both vision and force control, while
K7 is only used to adjust the damping for vision control.

Remark 2: 1f Fy = fqF./||Fe|| with fq4 € R* being the
desired value along the contact force F, and ¢ Tﬁe = 0, one
has (f — fa)¢T F./||Fe|| = 0, which implies f — f4 = 0
when Fp is not in the direction of ¢. Since the normal of a
friction-free surface can be denoted by n = F./| Fe||, the
proposed HVFC method can control the contact force F,, along
the surface normal by setting Fy = fqFe/| Fel|.

IV. EXPERIMENTAL VALIDATION

This section verifies the proposed approach on a seven-DoF
redundant collaborative robot named Franka Emika Panda. The
experimental setup is shown in Fig. 3, where an ATT Gamma
force/torque sensor is installed on the robot end-effector to
measure the contact force Fy, torque sensors in each actuator
are used to measure the external torque T, a gripper is mounted
on the F/T sensor, a red rectangle marker acting as a feature
point @ is attached to its tip, and a monocular ETH camera
named RealSense D435i (from Intel Inc.) with 30 frames per
second is fixed towards the robot to guarantee that () is in the
view of the camera. The control law (8) with (10) and (13) is
implemented on a personal computer with the Robot Operating
System and the Ubuntu System. The image feature is extracted

"
ETH camera

Contact tip

- =g

Contact surface

Fig. 3. An experimental setup, where a red rectangle marker is used for
position control, and P denotes a contact point on the surface.

L 1 L
300
u (pixel)

350

£ 6F ]
ey 5
[ --- PVFC [|[Fall £ 1.5 ]
0L~ L P T .
960 965 970 975 980
Time (s)

Fig. 4. Experimental results of Case 1. (a) The pixel path p of the tooltip Q
on the image plane. (b) The norm of the contact force F,. Note that we set the
desired force Fy = fq % (fq = 8) as discussed in Remark 2.
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Fig. 5. Experimental results of Case 2. (a) Snapshots of the robot configurations before, during, and after interaction with the human operator. (b) The joint

position q. (c) The interaction torque 7,. (d) The contact force F, at the z-axis

by color and shape using OpenCV.

The initial joint configuration is g(0) = [105, 35, —95,
—130, 80, 140, 1017 degrees. Unless otherwise specified, the
control parameters in (13) are set as Ky = 0.000127, K, =
101, K1 = 341, and ks = 1. The desired impedance param-
eters in (8) are set as My = M, By = diag(8,8§,8,8,8,5,5)
and Ky = diag(4,4,4,4, 2,2,2). Two experimental cases are
considered to validate hybrid control and nullspace compliance,
respectively, where in Case 1, the proposed HVFC is compared
to a parallel vision-force control (PVFC) method with a parallel
scheme in [9] and the control law (8) with (10) and

Fe=—AJ(q)g — AJM ', — (Ky + Q(q, §))
— ktF — DKp+ DY DT Kq.
The proposed HVFC has a framework that can decouple the
force and vision subspaces, while the PVFC does not control

the force in the orthogonal subspace of the vision task space.
The parameters of the two controllers are set the same for fair

. (e) The pixel position u at the u-axis. (f) The pixel position v at the v-axis.

comparisons. Unlike the HVFC, the force control of the PVFC
is not achieved in the individual projection space.

Case 1: A slow tracking task is designed as a repeating
polishing or wiping task on a planar surface with an unknown
slope (i.e., the unknown surface normal). The desired trajectory
Pa = [ug,vq,1]T is an ellipse that can be expressed by

a=(p1—p2)/2, b= (p1 +p2)/2,

50

u = by + ay cos(0.5t) + ”;T sin(0.5t),
50

v = by + as cos(0.5t) — HTGHI sin(0.5t)

with a; and b; being the ith element of a and b, respectively,
where p; and ps are two-pixel positions that are manually
selected on the image plane. The desired contact force is set to
Fy = SW N. Although high-accuracy tracking is not shown
by both methods as they are designed for position regulation,
the path of the tooltip ) by the proposed HVFC is much closer

Fe
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to the desired path pqy [see Fig. 4(a)], despite of their similar
force control performance with a maximum error of 1.5 N
between the norms || F|| and || Fy|| [see Fig. 4(b)].

Case 2: An experiment is designed to show the nullspace
compliance of the robot. As the planar surface has a normal
close to the z-axis of the world frame { B} in this experiment,
only the contact force F, along z—axis is considered with its
desired value F,q; = 8 N. The desired pixel position pq is
manually selected to match the pixel position of P. A human
operator exerts an interaction tore 7, € R7 (calculated by
T, = T — JT F,) on the robot by pulling and dragging the 5th
link [see Fig. 5(a)]. Experimental results show that the joint
position q varies with 7y, resulting in a mild interaction torque
with ||m,|] < 8 N/m [see Fig. 5(b)-(c)]. Note that ¢ would
not recover after 7, = 0 due to the small stiffness K4 and
friction. On the other hand, the pixel positions v and v of )
deviate from their desired values uq and vq within 5 pixels,
respectively, and the contact force F;, deviates from its desired
value Fy, within 2 N [see Figs. (¢)-(f)], which indicates that
the nullspace compliant interaction has tiny influences on the
contact task in the Cartesian space.

V. CONCLUSION

This paper has proposed a unified framework of HVFC
and nullspace compliance for redundant robots with contact
tasks, where vision feedback from an ETH monocular camera
is applied for position control on contact surfaces, and force
feedback from a force sensor is utilized for direct contact
force control. The proposed method achieves position and
force control on the surface without prior geometric knowledge
and impedance control in the joint nullspace, which prevents
harmful contact forces. Experiments on a seven-DoF redundant
robot have validated the above distinctive features. Future work
would focus on improving tracking performance and compliant
visual control in contact tasks.
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