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IN-VIVO TENSION CALIBRATION IN
TENDON-DRIVEN MANIPULATORS

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The 1invention described herein may be manufactured and
used by or for the U.S. Government for U.S. Government
(1.e., non-commercial) purposes without the payment of roy-
alties thereon or therefore.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates generally to a system and method for
calibrating the tendons 1n a tendon-driven mampulator and,
more particularly, to a system and method for providing in-
vivo tendon tension calibration for a tendon-driven manipu-
lator that calibrates the tensions against each other without the
need for an external force reference.

2. Discussion of the Related Art

Dexterous robot systems typically comprise robot arms
and hands that operate to grasp and manipulate objects or
parts during assembly or other applications. The term “robot
manipulator” 1s used to describe all or part of one or more
robot arms and hands. Tendon-driven robot manipulators are
actuated using tendons or cables that allow the actuators to be
located outside of the part of the manipulator being con-
trolled. Tendon transmissions are frequently used to actuate
distal joints in robot manipulators. They can improve
strength-to-weight ratios by allowing actuators to be located
closer to the base of the manipulator. They also give the
mechanical designer more tlexibility 1n actuator selection and
manipulator size. For example, when the manipulator 1s a
tendon-driven finger 1n a humanoid robotic hand, the actua-
tors are typically located in the forearm area of the robotic
arm. In this case, tendons extend from the forearm actuators
to the fingers, where they are attached.

Force and impedance control of tendon-driven manipula-
tors 1improves with accurate tendon tension measurements.
This relies on a consistent sensor output and an accurate
calibration of the output. However, the output from the sensor
for a particular tension can vary over time and with tempera-
ture, known as sensor driit. Further, discrete events may cause
sudden changes to the sensor measurements, such as external
impacts. Thus, the sensors need to be calibrated from time to
time to compensate for these changes.

Because the tendon-driven manipulator requires more ten-
dons than joints in such a redundant network, the tension on
cach individual tendon cannot be determined exclusively
from external reference forces. Rather, a reference force must
be applied to each tendon independently, where each sensor
in the manipulator must be removed therefrom, and coupled
to tension testing equipment. In other words, the sensors
cannot be calibrated while they are within the manipulator
using the testing equipment because there are multiple ten-
dons controlling each joint. Hence, there are internal forces
between the tendons that cannot be sensed externally. At the
same time, disassembling the manipulator whenever calibra-
tion 1s required 1s not practical.

SUMMARY OF THE INVENTION

In accordance with the teachings of the present invention,
a method 1s disclosed for calibrating tension sensors for ten-
dons 1n a tendon-driven manipulator without disassembling
the manipulator and without external force references. The
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method calibrates the tensions against each other to produce
results that are kinematically consistent. The results might not
be absolutely accurate, however, they are optimized with
respect to an imitial or nominal calibration. The method
includes causing the tendons to have zero tension and record-
ing sensor values from sensors that measure the tension on the
tendons. The method further includes positioning the
mamipulator so that 1t 1s not in contact with any obstacle and
none of the joints 1n the manipulator are at their limit. The
method then puts tension on the tendons and records sensor
tension values from the sensors when there 1s tension on the
tendons. The method uses these two data points and a regres-
s10n process to determine the sensor calibration parameters.
The regression process finds the solution that satisfies the
zero-torque constraint while minimizing the error compared
to the 1nitial, or nominal, calibration.

Additional features of the present invention will become
apparent from the following description and appended
claims, taken 1n conjunction with the accompanying draw-
Ings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a perspective view of a robotic finger manipulator
including a plurality of tendon driven joints; and

FIG. 2 1s a flow chart diagram showing a calibration pro-
cess for the tendons 1n the manipulator shown 1n FIG. 1.

L1

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

The following discussion of the embodiments of the inven-
tion directed to a method for calibrating the tendons 1n a
tendon-driven manipulator 1s merely exemplary in nature,
and 1s 1n no way itended to limit the invention or its appli-
cations or uses.

As will be discussed in detail below, the present invention
proposes a technique for calibrating the sensors 1n a tendon-
driven manipulator without having to remove the sensors
from the manipulator. Generally, the process includes starting
with a nominal gain for each of the sensors 1n the manipulator
based on previous calibration data. The process records the
sensor readings at two data points. The first point 1nvolves
de-tensioning the tendons so that they are all slack, and thus
have zero tension on them. The second point ivolves ten-
sioning all of the tendons so that they are taught and the
mampulator 1s not pressed against any external forces. Hence,
the tendon tensions all sum to produce zero net torque at the
This situation 1s referred to herein as a “balanced”
configuration or the “zero-torque” constraint. A regression 1s
then performed on these two data points to find a calibration
that both satisfies the zero-torque constraint and produces the
closest results possible (in a least-squares sense) to nominal
calibration values. The method calibrates the tensions against
cach other to produce results that are kinematically consis-
tent. This does not necessarily produce calibrated values that
are accurate relative to an absolute reference; however, they
will be accurate relative to each other. This relative accuracy
between the tendons improves the performance of the
mampulator controller.

The mvention thus addresses the problem of how to pro-
vide a relative calibration among the tendons of the robotic
mampulator. The calibration process improves the perfor-
mance of the manipulator controller, although the actual
value of the calibrated readings might not be accurate. Based

on the nominal calibration, the calibration process will find
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the minimum error solution that satisfies a condition of zero
external torque on the manipulator.

FIG. 1 1s a perspective view of a robotic finger 10 for a
robotic arm, where the finger 10 1s driven by tendons 28.
Although this embodiment shows a robotic finger, the cali-
bration process of the present mvention 1s applicable to any
tendon-driven manipulator. The robotic finger 10 includes
three finger sections, namely, a tip section 12, an intermediate
section 14 and a base section 16. The tip section 12 includes
apad 18, the intermediate section 14 includes a pad 20 and the
base section 16 includes a pad 22 that allow the finger 10 to
clfectively grasp a particular part (not shown). The finger
sections 12, 14 and 16 and the pads 18, 20 and 22 can be made
ol any suitable material, such as aluminum, for a particular
application. The tip section 12 pivots relative to the interme-
diate section 14 on a shait 24 and the intermediate section 14
pivots relative to the base section 16 on a shait 26.

The joints of the finger 10 are manipulated by the tendons
28 1n a manner that 1s well understood in the art. Each tendon
28 15 coupled to a tension sensor 44, typically in the forearm
area ol the robotic arm. The tension sensors 44 provide a
signal of the tension in the tendons 28 that provides an 1ndi-
cation of the force on the finger 10. The tendons 28 provide a
pulling force that 1s actuated by a suitable actuator.

Assuming that all joints 1n the finger 10 are revolute, the
relationship between tendon tensions and joint torques can be

described by:

1=Rf (1)

Where T 15 the vector of n joint torques and 1 1s a vector of
m=n+1 tendon tensions.

Note that by inverting this relationship, a set of tendon
tensions that generates a specified torque can be calculated as:

FRT+NR)A (2)

Where R™ is the pseudo-inverse of R and N(R) is the null
space of R. AeR™™ 15 a vector of arbitrary tensions projected
into the null-space. This null-space component represents the
set of tensions that produce zero net torque on the finger 10. In
other words, they represent the internal forces between the
tendons.

Assuming that a linear fit applies to the sensor 44, each
sensor reading s, 1s required to be calibrated using two param-
eters, namely, a gain m, and an offset b,. For each tendon 28,
the relationship for the tension sensor reading 1s given by:

Jfi=m{s~b;)

Where 1, 1s the tension on tendon 1.
For the whole set of n tendons, the n equations can be
expressed in the following two matrix forms.

(3)

J=M(s-b) (4)

J=(5=B)m (3)

In this notation, capitalized symbols refer to diagonal
matrices for the respective elements, and bold symbols refer
to column matrices. For example:

(6)

\ 1,

Based on the design of the finger 10, the relationship
between the torques T at the joints, and the tensions 1 at the
tendons 28 follows as:
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4

T=Rf (7)

Where R 1s known as a tendon map that contains the joint radii
data mapping tendon tensions to joint torques.

FIG. 2 1s a flow chart diagram 30 showing a calibration
process for calibrating the tendons 28 in the finger 10, as
discussed above. The process starts at box 32 where the
tendons 28 are de-tensioned so that there 1s no force on the
tendons 28, 1.¢., the tendons 28 are slack. Particularly, all of
the actuators (not shown) that control the tendons 28 are
moved forward so that the tendons 28 are slack and each
tendon 28 sees zero tension. The algorithm records the sensor
reading ”s when the tendons 28 are in the slack position at box
34.

Using this data, the offset b 1s determined for each sensor
44 1n the manipulator 10. There values are solved as:

S=M("s-b)=0

bh=Cs

(8)

The next step 1s to tension all of the tendons 28 while
ensuring that the finger 10 1s not up against any joint stops or
external forces. The algorithm thus causes the finger 10 to be
positioned at a location at box 36 where 1t 1s away from any
obstacles that could apply a force on the finger and all of the
joints 1n the finger 10 are not at a joint limit. This ensures that
the joint torques are all zero. Once 1n this position, the algo-
rithm causes the actuators to increase the tendon tension at
box 38. The amount of force on the tendons 28 1s not impor-
tant so long as there 1s a force on the tendons 28. With the
finger 10 1n this position, there should be zero torque on each
joint 1n the finger 10 because the pulling force would be the
same for both sides of the joint. The algorithm then records
the sensor measurement values, 's. The recorded sensor val-
ues can be relative to the prior zero sensor values for each
sensor 44 at box 40. The joint torques and tensions at this
moment are referred to with the pre-superscript of 1:

lt=R'f=0 (9)

The algorithm then uses the offset values and a regression
process to determine sensor parameters that satisiy the zero-
torque constraint at box 42. The actual solution should lie 1n
the null-space of R. The algorithm takes the force reading,
based on the nominal calibration of the gains “m and projects
it orthogonally into the null-space R. Referring to the second
form of the calibration equation (5), that nominal force read-
Ing 1s:

"f~('S=B)'m (10

After projecting this minimal reading 1nto the null space R,
the calibration gain m can be solved as:

JI-R'RY'f

m=('S-B)~"'f (11)

Where I 1s the 1dentity matrix and R™ 1s the pseudoinverse of
R.

Alternatively, the individual elements of the gain m can be
solved for as follows:

¥ (12)

Ls; = b;

;=

Particularly, the algorithm minimizes the error between
what the particular sensor 1s mitially reading and what 1t
should be reading. The regression operation can be any suit-
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able process, such as a least-squares fit operation. The least-
squares 1it operation 1s performed for all of the sensor differ-
ence values simultaneously.

The foregoing discussion discloses and describes merely
exemplary embodiments of the present invention. One skilled
in the art will readily recognize from such discussion and
from the accompanying drawings and claims that various
changes, modifications and variations can be made therein

without departing from the spirit and scope of the invention as
defined in the following claims.

What 1s claimed 1s:

1. A method for calibrating the tension on a set of tendons
that drive a manipulator without directly applying any exter-
nal force references to either the manipulator or the tendons,
said calibrating method comprising:

causing the tendons to have zero tension and recording

sensor readings;

positioning the manipulator so that 1t 1s not 1n contact with

any obstacle and none of the joints in the mamipulator are
at their limat;

putting a tension on the tendons and recording sensor read-

ings; and

solving for calibration parameters using a regression pro-

cess that satisfies a zero-torque constraint on the
mampulator.

2. The method according to claim 1 wherein using the
regression process includes determining that a solution of the
regression process lies 1n a null-space.

3. The method according to claim 1 wherein using the
regression process cludes performing a least-squares fit
pProcess.

4. The method according to claim 1 wherein the manipu-
lator 1s a robotic finger including finger joints.

5. A method for calibrating the tension on a set of tendons
that drive a manipulator without disassembling the manipu-
lator or the tendons, or any part therein, said calibrating
method comprising:

causing the tendons to have zero tension and recording

sensor readings;

positioning the manipulator so that 1t 1s not 1n contact with

any obstacle and none of the joints in the manipulator are
at their limat:

putting a tension on the tendons and recording sensor read-

ings; and
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solving for calibration parameters using a regression pro-
cess that satisfies a zero-torque constraint on the
mamipulator, wherein using the regression process
includes identifying that a solution to the regression
processor lies 1n a null-space and solving for a sensor
calibration gain using a least-squares fit process.

6. The method according to claim 5 wherein the manipu-
lator 1s a robotic finger including finger joints.

7. A robotic system that calibrates the tension on tendons 1n
a manipulator without disassembling the manipulator, said
system comprising:

a manipulator having a revolute joint;

a set of tendons attached to the revolute joint;

a controller that calibrates the set of tendons using a

method including;:

causing the tendons to have zero tension and recording

sensor readings;

positioning the manipulator so that it 1s not 1n contact with

any obstacle and none of the joints in the manipulator are
at their limat;

putting a tension on the tendons and recording sensor read-

ings; and

solving for calibration parameters using a regression pro-

cess that satisfies a zero-torque constraint on the
mamipulator.

8. The system according to claim 7 wherein solving for
calibration parameters using a regression process determines
that a solution of the regression process lies 1n a null-space.

9. The system according to claim 7 wherein performing a
regression process performs a least-squares fit process.

10. The system according to claim 7 wherein the manipu-
lator 1s a robotic finger including finger joints.

11. The system according to claim 7 wherein solving the
calibration equations includes minimizing the error with
respect to nominal calibration values.

12. The method according to claim 1 wherein solving the
calibration equations includes minimizing the error with
respect to nominal calibration values.

13. The method according to claim 5 wherein solving the
calibration equations includes minimizing the error with
respect to nominal calibration values.

14. The method according to claim 1 wherein the manipu-
lator joint 1s a revolute joint.

15. The method according to claim 5 wherein the manipu-

lator joint 1s a revolute joint.
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