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Robotic valve turning: axial misalignment estimation from reaction torques
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Abstract—In this work, we present a simplified quasi-static
model of a two-point contact gripper turning a circular valve to
predict the reaction torques produced at the base of the valve
as a function of the axis misalignment. Specifically, we learned
that geometric features such as (i) the misalignment vector being
tangent to the reaction torques, (ii) length of the misalignment
vector being directly proportional to the magnitude of the
reaction torques and (iii) small axial misalignments resulting
in well defined ‘double-loops’ in the 2D reaction torques space
are indicative of axis misalignment.

I. INTRODUCTION

Almost on a daily basis, humans deal with tasks such as
rotating a doorknob, inserting a key into a keyhole, twisting
a bottle cap, or fixing a light bulb. All these tasks involve
rotation of the hand about a fixed axis. Humans seem to be
effortlessly able to adapt the hand/arm axis of rotation to the
fixed axis. When a similar task has to be automated, e.g. a
motor is to be connected to a valve or a wheel, a typical
(and necessary) solution is to adopt a flexible coupler. The
reason is that a misalignment, albeit small, is unavoidable
and the function of the coupler is to absorb any kinematic
inconsistency between the motor and the load.

These problems are also well known in the field of
mechanical vibrations, e.g. see [1], where offsets between
two shaft centerlines of rotation can cause axis misalignment
producing high reaction torques. Also in this case, flexible
couplings allow to control the vibrations due to misalignment
by selecting the location of coupling [2]. While at high
rotational speeds, vibrations and noise represent a primary
indicator of misalignment, at low speed, reaction forces and
torques, can be used to quantify misalignment [3]. In this
work, we shall focus on quasi-static valve turning via a
robotic gripper, as depicted in Fig. 1. We shall specifically
focus on single-hand valve turning, as opposed to dual arm,
whereby a standard robotic gripper is used to i) pre-position
itself, i4) firmly grasp the valve, #ii) turn to open/close the
valve in presence of small but unavoidable misalignments.

Approaches to autonomous valve turning have already
been proposed, often based on force control strategies such
as that used by Ahmadzadeh et. al [12]. The reaction
forces/torques were dissipated by specifying limits and
running a hybrid force controller to match demonstration
forces. Abu-Dakka et. al [13] proposed a learning from
demonstration (LfD) framework to learn force-based variable
impedance for various manipulation tasks with different
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stiffness levels. The authors do not consider reaction forces
but make use of forces recorded during demonstration of
valve turning. Yoon et al [14] showed how a circular valve
can be manipulated through task skill transfer using hybrid
impedance/force control. Additionally, angular misalignment
between the screw and the mating hole is an important
consideration also in automated threaded fastening using
robots [7]. Correcting such axial misalignment to avoid
damage caused due to excessive force [11], [12] is important
and depicted in Fig. 1.

Fig. 1: Valve turning using parallel jaw gripper with axis
misalignment.

This work focuses on the geometric relationship between
reaction torques and axial misalignment. First, by means of a
simplified fingerpad-valve compliant interaction, and quasi-
static assumptions, we vary axis misalignment methodically
and learn that the reaction torques form an ellipse in the
torque space. Notably, the misalignment vector is observed
to be tangent to the torque ellipses. Second, in line with
the expectation that a greater axial misalignment would
lead to greater reaction torques, we study that the length
of the misalignment vector is directly proportional to the
reaction torque ellipse size. Finally, we also show how small
axial misalignments result in well defined ‘double-loops’ in
the 2D reaction torques space (the torque along the axis
assumed null following our quasi-static assumptions). In
this work, we show how such ‘double-loops’ also appear
during experiments, qualitatively in good agreement with
predictions from our simplified model.

The rest of the paper is organized as follows: The proposed
quasi-static model is presented in Section II, with details
on the expected torque profile and its relation to the mis-
alignment vector. Section III comprises of the experimental
validation of the model with the conclusion in Section IV.

5275



II. QUASI-STATIC MODELING OF MISALIGNMENT
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Fig. 2: Elastic interaction between gripper and valve is
modeled by stiffness k. The axial misalignment is captured
by the relative orientation of z¢ and zy .

In this section, we present a quasi-static contact model
between a robot’s gripper and a circular valve. We assume
that the robot gripper is already brought in position and is in
contact with the valve. From the valve frame of reference,
we assume a small but non-zero misalignment between
the z-axis of the valve, along [0 0 1]T € R3, and the
axis of the gripper (coincident with the last joint of the
robot), taken parallel the vector [n; ng 1]T € R3, with
(n? + n%) < 1 denoting the small misalignment. If the
robot and the valve were perfectly rigid objects, it would
not be possible for the robot gripper to rotate in presence of
non-zero misalignment. Similarly to a flexible coupler, the
compliance in the robotic fingers / finger-pads absorbs any
kinematic inconsistency. Next, we propose to capture this
behaviour by assuming a lumped compliance at the point of
contact between the fingers and valve. Given this compliance,
any kinematic inconsistency will give rise to a strain energy
(elastic potential) and, under quasi-static assumptions, its
minimum will determine the equilibrium condition, from
which elastic reaction torques can be evaluated.

A. Kinematics

With reference to Fig. 2, a gripper with frame {G} is
misaligned with respect to a valve with frame {V'}.

1 0 0 0
Ty = 0 , Yy = 1 , RV = 0 , Py = 0 (])
0 0 1 0

Denoting the misalignment of the two frames, the vertical
axis, zg is given by:

1 ny dy
2G = —F———= |N2|, Pg= |d2]. (2)
ni+n3+1 |4 ds

Consider the plane containing p and z¢. Under assump-

tions of small misalignment, i.e. n?,n3 < 1, the cross

product z¢g X xy is far from being null and the following
definition is far from singularity:

zZag X Xy

Yo TG =Yg X 2G- 3)

~ze xzv|’

Note that, by definition, ¢, Y4 and zg form an orthonormal
system. The contact points on the gripper are parameterised
by 0:

c5(0) = rg(cos(f)zg + sin(f)ye) + pe, 4)
cq(0) = c5(0+m). (5)

Similarly the valve contact points are parameterised by «
as:

ey (@) = rv(cos(a)my +sin(a)yy) +py,  (6)
ey (@) =cf(a+ ). (7)

B. Strain Energy

We shall model the interaction between gripper and valve
simply via elastic deformation of linear springs with stiffness
k between the pairs of points (cg;,c},) and (cg, ;). The
elastic potential energy E(a,6) can be written as:

Bla,8) = 5Kl (6) — (@) + 5hleg(6) - ep()|”

Since turning the gripper means actuating €, the gradient
of the contact potential may be interpreted as the torque
acting on the gripper 7¢ = VgE. For a freely rotating
valve (i.e., without friction or inertial effects), the quasi-static
contact condition means:

VoE =0 ®)

The kinematics of the contact parameter can be deduced
by solving this equilibrium equation Vo E = 0 for 6*:

0* (o) = arctan 2(—nyng + 1/n? +n3 + Ltan(a),n3 + 1)

C. Torque expectation for misalignment

The force acting on the valve fy, should be equal and
opposite to the reaction on the gripper f, and will be the
sum of forces acting at the two contact points, i.e., f1 at
c‘t and f~ at c;, as:

I =k(cj(a) — ck(0)), 9)
J~ =kley(a) —cq(0)), (10
Fvlon0)=f"+f". (11)

Therefore, the torque acting on the valve 7y will be due to
the cross product of the moment arm of the contact points
and the force acting at those locations:

Tv(a,0,n1,n2) =y x fH+ey x f-

Note that 7y = [1, 7, 7.]7 € R? and in the following
analysis (see Fig. 3) we fix k = 10000Nm ™!, rg = 45mm,
ry ~ 43mm and pg; = [Smm 5mm 5mm]T to plot
Tv (o, 0* (), n1, ng) for half-rotation o € =5 F].
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Fig. 3: In this work we present variations along ny - increment is denoted by n and decrement by n, resulting in
expected torque space ellipses along x-axis with ny = 0. Note that for every i-th variation (n1,ns); the corresponding
torque ellipse e; is labeled.

The interaction force between two bodies occurs as a result
of surface deformation at the contact point/patch. Typically,
this deformation can be quantified by the penetration depth
along the surface normal of the softer body. In this work, we
simplify this notion by defining a force acting on the contact
point of the valve from the gripper by connecting a linear
spring between them. Specifically, the spring models the
stiffness of the foam patch attached to the gripper teeth which
deforms upon contact. Once contact occurs, a compression
of the spring is modelled by the product of the stiffness and
the penetration depth.

We characterise the numerical results of reaction torques
during quasi-static valve turning with three key observations:

o A single forque space ellipse e is produced for a half

rotation of the valve, ie., « € [-5 T].

o The length of the vector (ny,ns) is proportional to the
size of the torque ellipse.

o The vector (n1,ng) is always tangent to the torque

ellipse.

Finally, we expect for a full rotation of the valve to produce
two ellipses. We validate these predictions through experi-
mental results in section III.

TABLE I: Nomenclature for the model

Variables Symbols
Frame associated with the gripper {G}
Frame associated with the valve {V}
Gripper contact parameter (controlled variable) | 6

Valve contact parameter (uncontrolled variable) | o

Radius w.r.t gripper rG
Radius w.r.t valve TV
Misalignment errors ni,ng
Grasping points on the gripper ek, ca
Grasping points on the valve Cys Cyr
Stiffness of surface material on the gripper k
Energy potential E
Forces fa . fv
Torques TG, TV

otion Capture
Markers

Fig. 4: Experimental setup with a F/T sensor to capture data
during rotation and motion capture markers for estimating
the position of the valve with respect to the robot.

III. EXPERIMENTAL VALIDATION

In this section, the experimental setup for robotic valve
turning equipped with a ATI Mini40 force/torque (F/T)
sensor is detailed. The sensor was positioned beneath the
valve to measure the torques applied during valve rotation,
as seen in Fig 4. Before performing the experiment, it is
important to calibrate both the robot arm and the F/T sensor
being used to carry out the experiment, described in the
Appendix IV. The experimental setup for the valve turning
task comprised of a Kinova Gen3 robot arm with D = 7
degrees of freedom, equipped with torque sensors at each
joint allowing for gravity compensation and thus human
robot interaction, to allow for manual guiding of the robot
into the valve turning posture. The valve was designed with
a bearing inserted between the rotor and housing for smooth
rotation of the valve with no friction. It must also be ensured
that the valve prototype consists of little to no wobbling.
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A. Protocol

The experiment was carried out to accommodate 2 vari-
ations by rotating the robot gripper about the horizontal
axis, i.e., by varying no. The gripper was then closed and
the proximal joints of the robot were allowed to adjust to
a mechanical equilibrium minimizing the reaction torques
originating at the end-effector by using a high compliance
control mode (see Fig. 5). Once the robot settled at the
equilibrium, the proximal joints were stiffened up to a low
compliance mode with a high stiffness (K; = 0.5 ZZZ Vd €
[1...D]T) to avoid any changes to the set misalignment. The
gripper joint was then actuated to multiple rotations under
torque control. As the valve is turned, the reaction torques
at the base are recorded. Finally, in the end the gripper is
disengaged from the valve safely.

B. Analysis of valve torques

First we present the results of multiple rotations of the
valve and observe the tangency of (ni,ns) to the forque
space ellipses in Fig. 6. The gripper was turned continuously
with each full turn taking about 10sec as seen in Fig. 7b.

Since experimental data consists of multiple observations
of z¢(t), we first express these in terms of 74(t) and
nio(t). Next we estimate the gripper axis misalignment as
an average (7i1,72) computed over the entire duration of
rotation when the gripper was in contact with the valve.
Specifically, we have the re-calibrated robot feedback data
26 =[2Gz 2G4 2G,.]T which indicates the axis of gripper
satisfying the following similarity condition:

2L e (12)
%) ZG7y
Furthermore, the unitary condition is satisfied as:
VAt od, +2, =1 (13)
We utilise the ratio (eq. 12) as:
~ ZGz(t)
n1(t) = sgn(zg - (t : , (14)
1 (1) = senzc. () 22 5
- ZGA,y(t)
t) = Lt . 15
alt) = sgn(ec.+(0) 2% (s)

where sgn(-) evaluates the sign of the argument. Once the
gripper axis in terms of 71 () and 7i2(t) is obtained using

experimental data for each time instance, an average (71, 72)
is computed and used to denote the gripper axis misalignment
in the torque space plots which are plotted on top of the
torque space ellipses for each variation as seen in Fig. 6. As
expected this vector was tangent to the torque space ellipses.

1) Frequency of reaction torques in single-turn analysis:
Beyond the tangency of (7i1,72) to the torque ellipses, we
also study the frequency of reaction torques compared to the
frequency of rotation. Specifically, it was discussed in section
II-C that for every full-turn of the valve, a double loop
is produced in the torque space. Such double loops are in
agreement with the double frequency reported in mechanical
vibration literature. Specifically, it was reported in [4], [5]
that the frequencies of forces and moments (and therefore
vibrations) are even multiples of the operating speed of the
motor, i.e., frequency of rotation. This is to be expected
since, every period of rotation generates also periodically the
reaction forces at the uneven loading points. To this end, in
our work we plot the gripper parameter with initial condition
6o from experimental data and highlight the key checkpoints
when 60 = [0, ©/4, w/2, 3w/4, =] + 6. We note that,
consistent to our expectation in both variations n and n;,
the frequency of reaction torques was twice the frequency
of rotation, i.e., for every one full rotation of the valve, two
reaction torque ellipses were traced out as seen in Fig. 7a
and Fig. 7b.

In our work, we present a quasi-static misalignment model
to compute torques only due to misalignment contact, as
long as the contact points don’t slip. While greater speeds
will bring in dynamics (inertia and Coriolis) of the robot
and the valve into consideration, the reaction torques pre-
sented in this work will still be a constituent part of those
measurements. More importantly, we believe that these will
be additive. Further, regardless of the shape of the valve,
i.e. circular or elliptical, the key factor for determining the
reaction torque ellipses are the two opposite contact points.
Since in this work, we assume these contact points do not
slip, the reaction torque ellipses will not change once contact
has been established with the valve.

IV. CONCLUSION AND FUTURE SCOPE

In this work, we present a quasi-static model to predict
reaction torques as a function of axis misalignment during
robotic valve turning task. The physical interaction between
the robot gripper and the valve is described as elastic
deformation of springs between the two contact points.
The interaction potential is computed and we solve for the
equilibrium state to compute the equation of motion for the
contact parameter and the reaction torques.

We learn that there is a geometric relation between the
reaction torques and axis misalignment. Specifically, the
misalignment vector is fangent to the reaction torques and
its length is proportional to the magnitude of the reaction
torques, i.e., greater the misalignment, the greater is the
reaction torque. Finally, we also observe that the frequency
of torques is twice the frequency of valve rotation, i.e., the
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Fig. 6: Resultant 7,-7, plots obtained from the experiments with (721, 72) tangent to the torque-ellipses.
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Fig. 7: Frequency of reaction torque was double the
frequency of rotation, i.e., two torque-ellipses per turn.

presence of ‘double loops’ in the torque-space for every valve
rotation.

Additionally, it may not be ideal to expect that the
force/torque (F/T) sensor is always co-located with the
contact location. For this reason, it would be desirable
to use the robot joint torque feedback in such cases to
estimate the reaction torques and consequently the robot’s
axial misalignment with the valve and identify this as a gap.

We shall also try to use the tangency condition to reduce the
misalignment in future work.

APPENDIX
A. Re-calibration of Robotic Arm

We kinematically re-calibrate the 7DoF Kinova Gen3
robot to accurately estimate gripper orientation, i.e., n; and
ng. The forward kinematics of this manipulator can be
written as:

FE(@) =T @) T}a)-T8a) = | 50 79

(16)

where g € RP, D is the number of joints of the robot and
Tg_l is the transformation between the individual joints
while {B} and {E} denote the frame of the robot base
and end-effector. The orientation and position of the end-
effector are represented by R(q) € SO(3) and p(q) €
R3, respectively. Although this is the kinematic model, the
true robot kinematics must always be estimated through
experiments to overcome the calibration issues caused due to
manufacturing and assembly process of the robot. We denote
the re-calibrated kinematic model as:

R(q+46q) piisi(q+6q)
0

1 A7)

FKi151(g+dq) =
where, we use the fast kinematic re-calibration model devised
in [9] to calibrate joint offsets (6q = [0q1, ..., 0gp]) and link
length offsets (61 = [dl1, ..., dlp41])-

To obtain the re-calibrated model, i.e., dq and 81, the robot
was commanded with variations in rotation R and position
p which were recorded along with the corresponding joint
readings g. The results are listed in Table II.

B. Force/Torque Sensor Calibration

It is important to calibrate the ATI Mini40 sensor to detect
and measure precise and reliable force/torque values. For
this, we have used the methodology presented in [10], where
two important parameters related to the sensor’s performance
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TABLE II: Robot re-calibration results

Frame dq (rad) ol (m)

Base NA NA

Frame 1 0.0081 [0.0009, 0.0015, 0.0008]
Frame 2 0.0006 [-0.0007, -0.0029, 0]
Frame 3 -0.0013 [0.0013, 0, 0]

Frame 4 0.0060 [ 0.0011, -0.0000,-0.0016]
Frame 5 -0.0058 [-0.0001, 0.0001, 0]
Frame 6 -0.0008 [-0.0005, -0.0037, 0]
Frame 7 0.0123 [-0.0004, 0.0003, 0]
End-effector NA [0.0023, 0.0005, 0]

were modeled, namely the bias and the gain. F/T sensors
have biases (offsets), meaning that the sensor will measure
non-zero readings even though there is no movement and no
external load acting on the sensor. This maybe caused due
to manufacturing errors, environmental factors or long term
wear and tear. Gain, on the other hand, refers to the change
in the sensor’s input given a change in force or torque.A
static range (no load) was identified from the dataset and
measured forces were compared with the expected ones. For
each force measurement, f;,
f 21 f 0z

foi = Joo |\ (Juiz o) . = || fill

Ca Cy »

where, fI is the bias and ¢ = [c,, ¢, c.]T
re-calibrated forces are then computed as:

is the gain. The

foar = diag™"(c).(f; — fo) (18)
Similarly, for each torque measurement,
Toar = To + diag(g)T; (19)
With these, we obtain the wrench as:
Wear = [f CAL} (20)
TCAL
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