Gravity Based Autonomous Calibration for Robot Manipulators

Donghai Ma, John M. Hollerbach and Yangming Xu

Biorobotics Laboratory, McGill University
3775 University St., Montreal, Quebec H3A 2B4

Abstract

This paper presenis an aulonomous method to cal-
tbrate joint torque sensors for advanced robols; as a
by-product, the position sensors can also be calibrat-
ed. When one joint of a manipulator is rolated, the
gravity torque exzerted on the joinl varies sinusoidally
with rotation angle. By means of sinusoidal curve fit-
ting, the bias of the torque sensor and the gain of the
position sensor can be found directly. The gravily vec-
tor, ezpressed in the defined base coordinates, can also
be found. Thereafter we determine the torque sensor
gain as well as the rotation angle offset, by attaching
a known load to robot in different positions. Ezper:-
mental results are shown for the first two joints of the
Sarcos Dextrous Arm.

1 Introduction

Joint torque information is required in inertial param-
eter identification and model-based control [1]; it may
even be used for kinematic calibration [7]. While joint
torque sensing continues to be a problem for robots,
the advent of robot manipulators with high resolution
joint torque and position sensors makes many algo-
rithms practical [9]. To achieve best performance, the
internal robot model should be calibrated periodically.
This includes the calibration of joint torque sensors,
for both gain and offset.

Calibrating joint torque sensors usually requires te-
dious human involvement. To find the torque sensor
bias of a joint, one method is to manually adjust the
bias so that the joint moves freely to align itself with
gravity [11]; this method is somewhat qualitative. For
the torque sensor gain calibration, hanging a mass on a
known lever arm is the usual method. For autonomous
robots, these procedures are certainly not the ideal
ones. A calibration procedure for six axial force sen-
sors has been proposed in [6]. However, to our knowl-
edge, this paper is the first one to address the problem
of autonomous calibration of the joint torque sensors.

Knowing the gravity vector g is another important
issue for robot control; this knowledge is also required
for our calibration method. Because g is always point-
ing down, it may be taken for granted that g is already
known well enough and that its direction is along one
axis of the world coordinates. Yet the floor surface or
robot base plate may not be perfectly perpendicular
to the gravity vector. This makes solving for the grav-
ity vector an important topic. In this paper, we show
a method to find g with the intrinsic joint torque and
position sensors of a manipulator.
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We assume that the arm has been previously cali-
brated for kinematic parameters; we have implement-
ed several different schemes on our Sarcos Dextrous
Arm (3, 5, 7]. An interesting by-product of our torque
sensor calibration method is that the joint angle sensor
gains and offsets can also be calibrated. Although the
accuracy of this approach probably will not reach that
possible with traditional kinematic calibration meth-
ods [10], we present it as an option. Unlike the fixed
geometric parameters such as link lengths and join-
t axis orientations, the joint sensor gains and offsets
often have to be recalibrated periodically. Especially
in the context of teleoperation, high accuracy for the
joint sensor gains and offsets may not be necessary
and the procedure presented here can be adequate.

The procedures proposed in this paper involve the
static rotation of the robot joints, and are summarized
below.

1. We calibrate the torque sensor bias and position
sensor gain from the sinusoidal relationship be-
tween the joint torque and rotation angle.

2. The gravity vector in the base coordinates is
found from the amplitude and phase information
of two sinusoidal curves when observing the coor-
dinated rotations of the first two joints.

3. The torque sensor gain and position sensor bias
are calibrated from the proximal joint to the dis-
tal joint. To provide an absolute reference, a spe-
cial endpoint fixture is employed involving a load
with known inertial parameters, moved to two po-
sitions.

A knowledge of the gravity vector is required for the
third step. In the third step, manual intervention is
required to move the load into two relatively known
positions, but it is not necessary to know how this
load is attached to the endpoint. This procedure does
not identify the characteristics of the most distal joint;
other procedures will have to be implemented for this
determination. Experimental results are shown for the
first two joints of the Sarcos Dextrous Arm.

2 Method
The Denavit-Hartenberg (D-H) convention [4] for joint
i is used.

z;—1 is the rotation axis for joint i,

X; is the common normal between z;_-; and z;,



i | a; (deg) [ 6277 (deg)
1 90.0 0.0
2 -90.0 135.0

Table 1: Nominal D-H parameters of Sarcos Dextrous
Arm.

9; is the rotation angle between x;_; and x; about
z;_1, and

a; 1s the skew angle between z;_, and z; about x;.

We define the base coordinates in such a way that
there will be no joint angle offset for the first joint, i.e.,
#; = 0, when joint 1 is at one mechanical limit stop.
The rotation matrix that transforms link ¢ coordinates
to link z — 1 coordinates is:

] ch; —sbico; sb;sa;
-lp = | s8; chica; —cbise; (1)
0 sa; co;

where the abbreviations are sa; = sin(a;), cf; =
cos(#;), etc. The nominal D-H parameters of the first
two joints of the Sarcos Dextrous Arm are given in
Table 1.

Here we assume that the skew angle «; is known
from the manufacturer’s specification or from previous
kinematic calibration results. The equations for the
joint torque sensing and joint angle sensing are shown
below:

=79, + el (2)
3

= 07" 00 + 67
where 794" /7 999" and 977/ are the gains and off-
sets of the joint 7 torque and position sensors. 7z and
;. are the actual torque and position sensor reading.
The true values are 7; and #4;.

2.1

Ti

6;

Calibration of torque sensor bias and
position sensor gain

First we move all joints except i to their mechani-
cal stops. When joint i rotates, the center of gravity
(COG) of all distal links and loads is defined as r;—;
when the joint 7 is at its initial position, say §; = 0:

[ ri-180i-1c€i—1 }
-1 =

ri—157i—156i-1
Ti—1€Ti-1
where r;_; is the vector length and angles 7;—; and
&i—1 are defined in Figure 1.
When the joint i rotates to position 8;, the torque
exerted on the joint to compensate for gravity is:

(4)

Ti=mz;_, - (i_lg x (Rot,(8;)ri-1)) (5)
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Figure 1: Rotating one joint in the gravity field.

where Rot,(#;) is the rotation matrix about the z;_;
axis and Rot,(f;)r;_; defines the COG when the ro-
tation angle is 6;. All vectors are expressed in the
i—1 coordinates. Substituting for Rot,(8;) and *~!g =

(1lg: "lgy " 1g.]7, (5) is expanded as:

mri_11/i"1g2 + i 1gZsin(ni_1)

sin{fi-1 + &i-1 — Yi-1)

(6)

where tanyi—y = (*"'g,/* 7 92).
As shown in Figure 1, *~!g can be decomposed into
one component g, along the z;_; axis and another

g, perpendicular to it. As the joint torque sensor
only measures the torque about the joint rotation axis,
only g, contributes to 7;. This is true if we note that

gL = /192 + "—lg;, so (6) can be simplified as:
7 = Aisin(6; + ®;)

where A; = mr;_1g,sn,—; and ®; = &1 — vi-1-

The sinusoidal relation between 7; and 9{ is demon-
strated in (7). Unfortunately, since both*~'gand r;_;
are not known, the constants A; and ®; are unknown
and thus it is impossible to find the torque sensor gain
from this equation. However, *~'g may be solved for
ater.

Equation (7) is the basis to determine the joint
torque sensor offsets and position sensor gains. Fol-
lowed by (2) and (7), 7; is given by:

™

7= 18" Aysin(6Y%"60,, + 027 + @)+ 7T (8)
Since A; and ®; are not known here, we can only solve
for 6% and 7'/ by means of sinusoidal curve fitting
from actual sensor readings 7i; and 6;4. 87*" expands
or shrinks the curve along the # direction, while r‘."”
is just the offset of the sinusoidal curve.

The calibration of torque sensor gains and joint an-
gle offsets requires knowledge of the gravity vector.
Next we will demonstrate how to solve for °g and then



proceed to find the torque sensor gains and position
sensor offsets. Since we have found 7" and ) we
now assume that both torque sensor bias and rotation
angle distortion have been corrected from the sensor
readings.

2.2 Solving for the gravity vector in the
, base coordinates

Let °g = [%g, %g, °¢,]T be the gravity vector expressed
in the base coordinates. The three components of °g
are constrained by:

%92+ %97 + %7 = 9.8 9)

To find °g, we begin by rotating joint 1 to 8;, then ro-
tating joint 2 in steps for its full range while keeping
the first joint stationary. As the gains of the joint po-
sition sensors have been found in the previous section,
the rotation angle of joint 1 is known exactly follow-
ing the base coordinates definition. The torque sensor
reading from joint 2 is derived from (6):

2 =C\/(19:)2 + (Ygy)%sin(02 + &1 —m1)  (10)

where C and §; are unknown constants related to link
mass and COG, torque sensor gain and joint angle
offset. g = ['g; g, 1g.]7 is related to °g by ‘g =
'Ry Og, which is:

Ogzct1 + °gys6;
B= ng (11)
0g.50; — Ogych;

1

Substitute (11) into (10) and write the equation in
the form of (7) with:

A C\/("yscﬂl +0gy501)% + (°¢.)2  (12)

@

0
—tan~! 9
¢ —tan ("9:601 + Ogy 56, ) (13)

To solve for °g, we need to set joint 1 at two dif-
ferent positions, 8} and 6%, and record joint 2 sensor
readings when it rotates. For ¢}, we may find A’ and
&/, where j = 1,2. Thus we have two equations:

A_l \/(Og,,cﬂ +09y50 )% + (°g.)?
A2 \/(T‘g,c0'+°gy30')2+(°gz)2

0
' —d? = —tan~! 9:
tan (09169{ T Ogas0T ) (15)

0
- g:
t 92
+tan (ngcaf+°yy30f)

(14)

From (9), (14) and (15) three components of °g can
be solved. In practice, instead of finding the analytical
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Figure 2: Eliminating the torque due to the link iner-
tia with a known load.

solution, we use least-squares optimization with the
objective function:

?
: 2
oéI’ICI'I,IEl mzz:l(rga T2c) (16)
where there are p measurement points. 75, is comput-
ed from (10) and (11), and 73, is the measured torque.
When both amplitude (14) and phase (15) informa-
tion is employed, only two different positions of joint 1
are required to solve for °g. This makes the procedure
effective.

2.3 Torque sensor gain and position sen-
sor offset calibration

When the robot picks up a load, the joint torque exert-
ed to support the robot under gravity consists of two
parts: one comes from the link itself and the other
comes from the load. Usually link inertial parame-
ter identification requires joint torque information [1].
When calibrating joint torque sensors, we should as-
sume no exact knowledge of link inertial parameters.
In fact, these parameters can only be found with cal-
ibrated torque and position sensors.

To eliminate the unknown torque due to links, we
attach a load whose mass and COG are known. The
difference in joint torque when the load is at a different
attachment position is only related to the load itself.
This makes 1t possible to calibrate torque sensor gain
statically.

In Figure 2, a load with mass mygeq is attached
to one link distal to joint i. The load is preferably
attached to the last link so that the torque sensors of
all joints except the last one can be calibrated.

In the joint i coordinates, the load COG changes
from *~!rj, ; to *~'r} ; while *~'rjn; is unchanged.
The torque on joint 1 1s:

1:j = MiinkZ* (i‘lg x i—lrlink) (17)

1
i1 -1
+MioadZ- (’ g X ! r;oad)



where j = 1,2 for two load positions and z = [0 0 1]T.
Subtracting 7! from 7, we find the joint torque only
due to load posmon c a.nges
ATy = mygaaz- (Tlg x AP (18)

Note in (18) that the vector A~ 'rj,q4 is unknown, but
its length Arjsqq4 is known from the way we change the
load position. For example, as we did in our exper-
iment, we bolted the load with mj,.q and { known
to the dlstal lmk and changed the load position from

r,o 4 to?~Irf . (Figure 2). The Arjoqq in this case
is easi| y found todbe 21, where [ is the distance from
the load COG to the bolt center. ! is derived from the
load model developed with AutoCADTM

To calibrate joint i, the procedure is similar to that
of finding °g. During the calibration, all other joints
except 7 and i+ 1 are pushed against their mechanical
stops with a bias torque. Move joint i to two different
positions. For each joint i position, rotate joint ¢ + 1
in steps for its full range. This time we will observe
the torque on joint 7 instead of joint i + 1.

l’Ia«:ld)

At = mz (T lgx (T Ri(0:)Rot (B 41))Ari—1)) (19)

where ‘"' R; and r;_; are defined in (1) a

-'2 and
m is the load mass. The expansion of (

) yiel

A = alsin(0i+1+§i-1)+02003(0i+1+§i—1)"a3 (20)

with
ap = mAri_snicieoi((T goof; + 7 gy 58;)(21)
ay = mAri_1sni—1(*"lgzs0; — gy c0:)
a3 = mAr_ieni—1sei(*T gochi + " gy s6;)

(20) shows that A7; is a sinusoidal function of 844
with \/;mg as amplitude and a3 as the offset. Be-
cause of this offset, the torque sensor gain can be cal-
ibrated.

We proceed from the first joint to the last one. For
joint 1, it is simpler as no offset exists for this joint;
i.e., 8; is known exactly. Thus only one position of
joint 1 is required as %g has also been found. Here
a; =0 as a; = /2. az and az become:

(22)

as mArgsng(ogISBI - Ogycﬂl)

a3 mArgcno(Dg,wl + Ugysﬂl)

gain

Actua.lly, az and a3 are scaled by T and we will

get a, and a3, but the ratio of a2 and ay is the same
as that of a; and a3. From the ratio we can find 7g;

thus Tg“"' is calculated as:

e = 2 (23)

as
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Figure 3: A load attached to the Sarcos Dextrous
Arm.

For joint 2, 0;“ may also be calibrated along with
9" For each of the two positions of joint 2, we may
have one equation about the ratio of al2 and a;, which

is a function of 7; and 65 9// . Then 5, and 0, /7 may
be solved from two equatlons by means of numerlcal
optimization method similar to (16). The same pro-
cedure may be applied to other joints distal to joint

3 Experiment results

3.1 Sarcos Dextrous Arm

The Sarcos Dextrous Arm is a ten degree-of-freedom
(DOF) hydraulically powered anthropomorphic arm
which includes a three DOF multipurpose end effec-
tor [9]. The arm DOFs are configured with a roll-
pitch-roll spherical shoulder joint, a rotary elbow join-
t and a roll-pitch-yaw spherical wrist. All DOFs are
instrumented with joint torque and rotation position
sensors. Joint torque is sensed by a metal foil strain
gage load cell; full bridge configurations are used to
minimize temperatute sensitivity and xmprove noise
rejection. The rotation of the arm joints is sensed
by Rotary Variable Differential Transducers (RVDTs)
and optionally sensed by very high resolution (400,000
counts/rev) optical encoders. The ranges of rotation
are 180 degrees for all arm joints except the wrist ab-
duction/adduction DOF.

We begin each experiment after about 15 minutes
warmup. For each rotation step, data from the en-
coder, RVDT and load cell are averaged 200 times
and recorded. We have observed the sensor noise for
both RVDTs and load cells to be less than 0.1% full
scale. The data from the encoder are used to solve for
9g. The gains and the offsets of RVDTs and load cells
for the first two joints are calibrated.

3.2 Calibration procedure
We followed the procedures outlined in section 2 to
calibrate the sensors of the first two joints of Sarcos
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Figure 4: Sinusoidal fitting of experiment data: + for
experimental data, solid line for fitted curve.

Dextrous Arm. The calibration procedures are sum-
marized here:

Step 1. Calibrate torque sensor offsets and position
sensor gains by rotating only one joint at one time
while keeping other joints stationary. Record the
torque sensor reading and the joint angle, and do
sinusoidal curve fitting to find the parameters of
this joint.

Step 2: Solve for °g with the first two joints.

Step 3: Calibrate torque sensor gains and joint angle
offsets for joints 1 and joint 2. As shown in Figure
2, the load is bolted to the distal link of the arm
in two positions. To calibrate joint i (1 = 1,2),
torque readings for joint i and position data for
both joint i and 7 + 1 are recorded when joint
i + 1 rotates statically from one stop to anoth-
er. This process is done for each load attachment
position. Sinusoidal function fitting is made prior
to subtracting the torque due to link inertia using
equation (17) and (18).

The function fitting in the third step is necessary
because the torque due to the link can only be elimi-
nated if the torque sensor of joint ¢ is sampled at the
same 0;4; for each of the two load positions when joint
i + 1 rotates, which is not practical for experimental
conditions. Subtraction between two fitted sinusoidal
functions solves this problem.

3.3 Results

Table 2 shows the parameters of the load we used in
the experiment. They are defined in Figure 2. Si-
nusoidal curve fitting of experiment data is shown in
Figure 4. The maximum error between the measured
data and fitted data is about 2 counts. Table 3 shows
the calibrated °g. The calibration results of the joint
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I(m)
0.201
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Table 2: Load parameters.

Y9: | gy | 9.
343 [ 5.00 [-7.00

Table 3: Calibrated °g (m/s?).

S gain of f gain ofJ
(count/(N-m)) | (count) | (deg/deg) | (deg

1 .12 .988 0%

2 5.97 2008 0.995 134.2

Table 4: Calibration results for the first two joints of
Sarcos Dextrous Arm: * by definition.

torque and position sensors for the first two joints are
given in Table 4.

When we installed the Sarcos Dextrous Arm in our
laboratory, we found both the gains and the offsets of
the RVDTs have shifted from the calibrated values giv-
en in the manual by about 5% . The RVDT had been
recalibrated using the manual procedure described in
[11] before our calibration experiment.

For the Sarcos Dextrous Arm, the +/— 10 V torque
sensor analog output is converted with a 12-bit A/D to
give 0 to 4096 counts, where 2048 counts correspond
to 0 V sensor output. The torque sensor gains of the
first two joints were rated as 6.69 (count/(N-m)) by
the manufacturer. Our calibration results show a d-
ifference of about 10% from the rated gains. We are
going to implement other calibration methods and the
results here may be verified later.

4 Discussions
This paper has proposed a gravity based autonomous
procedure to calibrate the joint torque semsors for
robot manipulators. As a by product, the gravity vec-
tor is determined and the joint angle gains and offsets
can also be determined. The basic idea behind these
procedures is the sinusoidal relationship between joint
torque and joint position. We found the torque sen-
sor bias and position sensor gain from a biased and
horizontally distorted sinusoidal curve. Gravity in the
base coordinates is solved from the amplitude and the
phase information of two fitted sinusoidal functions.
Again, in the calibration of torque sensor gain and
position sensor offset, we showed how they are related
to the amplitude and the offset of the sinusoidal func-
tions. The sinusoidal function fitting is the basic tool
through this paper.

For the position sensor calibration, as the Sarcos
Dextrous Arm has intrinsic high precision encoders in
addition to RVDTs for the upper five DOFs, one may




find the RVDT position sensor gains can be calibrated
from the encoder readings. However, for other joints
and for other manipulators without high precision en-
coders, the procedure proposed in this paper will be
found useful as a routine procedure.

In the calibration of torque sensor bias and position
sensor gain, which is a regular routine for manipula-
tor maintenance, we found the procedure effective in
the sense that only one joint was rotating at one time
while other joints are kept stationary by applying a
biased torque to push them against their stops. This
ensures that the torque reading of the rotating joint
only comes from gravity and the sinusoidal curve may
be obtained in this way (Figure 4).

Movement of two joints is required when calibrating
the gravity vector and the torque sensor gains. For the
robot without joint brakes (like the Sarcos Dextrous
Arm), it is difficult to keep one joint stationary while
the other one is rotating. Instead of solving the equa-
tions analytically, we used the numerical optimization
method to solve for the parameters. In this way, the
deflection of the stationary joint is incorporated into
the objective function and the results are guaranteed.

As for the drawbacks, this method can not deter-
mine the torque sensor gain and position sensor offset
of the last joint. A load with known mass and COG
must be attached to the manipulator when calibrating
the torque sensor gain, which makes the method less
autonomous. We are investigating alternative calibra-
tion methods; then the calibration results from this
procedure may be verified with other procedures.
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