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Abstract—Accurate control of joint torques is essential to achieve high
performance in advanced assembly and other tasks that involve fine
motion, active force control, or high-speed operations. Joint torque
control can be substantially improved by sensory feedback. In this paper
we present the design and describe the actual characteristics of a joint
torque sensor for a PUMA 500. Using this sensor, & joint torque servo-
mechanism has been designed and implemented. A model of the
actuator-transmission-load system, including flexibility, was developed
and verified using both time- and frequency-domain techniques. Com-
pensators based on this model were designed and tested. Experimental
results obtained from pure torque control and joint motion tracking are
presented. These results demonstrate a significant reduction of the
effective friction (97 percent), and a substantial improvement in fine
motion control.

1. INTRODUCTION

ODAY’S industrial robots are almost exclusively

position-controlled devices. This type of control has
proven to be adequate for some industrial tasks, such as
material handling. However, these robots have made few
inroads into applications such as precision assembly because
of the inevitable variations in real-world assembly tasks.
Tolerances in mating parts, fixtures, and grippers all contrib-
ute to uncertainty in the relative positions of mating parts. This
uncertainty frequently results in large mating forces as well as
jamming during assembly. A more promising approach is to
control both the forces a manipulator exerts on an object and
the motions of the end-effector [6], [11]. Accurate control of
joint forces is a key ability for robot manipulators aimed at
achieving high performance in motion and active force
control.

Most industrial robots use transmission devices which
introduce significant disturbance torques at the joints. In
revolute joint robots, gear reductions are commonly used as
transmission devices, and are typically overmeshed in order to
minimize backlash. However, this approach introduces large
radial gear forces which increase both the gear cogging and
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the drive friction. Cogging occurs as each tooth on one gear is
wedged between the two mating teeth on the opposing gear.
This wedging action introduces a disturbance (ripple) torque
whose frequency is proportional to both the pitch of the gears
and the joint velocity. This problem is exacerbated by any
eccentricities in the pitch lines of the gears.

One method of compensation for these disturbance torques
is to sense the transmitted torque at the joint and close a torque
servo around the motor and transmission system. Such a
design has been implemented [12] for a single-joint manipula-
tor. The system demonstrated a wide bandwidth, and a
reduction of 95 percent in the effective friction. The first two
joints of a Stanford Arm were redesigned [7] to accommodate
torque sensors. This torque feedback reduced the effective
friction torque by 97 percent. Joint torque sensing has been
recently implemented [2] in a direct-drive manipulator. This
sensor design has provided high sensitivity while maintaining
high mechanical stiffness.

In this paper we will describe the design and construction
[5] of a joint torque sensor for the third joint of a PUMA 500.
We will also present the implementation of a control system
based on joint torque sensory feedback for fine motion and
force control.

II. JoiInt ToRQUE SENSOR DESIGN

The PUMA 500, shown in Fig. 1, is a five-degree-of-
freedom revolute joint manipulator. Joint three is driven by a
modular encoder-motor-brake package located in the rear of
link 2. Torque is delivered to the joint axis through flexible
couplings, a drive shaft, and a two-stage gear reduction. The
first gear reduction is (see Fig. 2) a bevel gear set, and the
second reduction is a spur gear driving a bull or ring gear. In
the standard PUMA, the bull gear is bolted to the face of link
3, and transmits the torque directly to link 3.

Ideally, the sensor should measure only the drive torque
transmitted at a joint. Unfortunately, this requires the sensor to
transmit a complex set of support forces and moments while
maintaining good sensitivity solely to the drive torque. In our
design, the sensor has been placed between the bull gear (see
Fig. 2) and link 3, replacing the standard attachment bolts
with flexures instrumented with stain gauges. Although this
sensor location does not allow the sensor to account for
friction in the joint bearings, it is dictated by the shape of the
existing joint castings. During operation, the modified joint
can only transmit torque (from the bull gear) to link 3 via the
overload ring and three steel support flexures. The strain in the
flexures is measured with strain gauges and amplified to
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provide an analog voltage proportional to the transmitted
torque.

The force transmitted by the gear to each flexure can be
resolved into three components: a force tangent to the pitch
circle of the bull gear, a force which is radial with respect to
the pitch circle, and a force that is parallel to the joint axis. Of
these three, only the forces tangent to the pitch circle transmit
torque. The joint torque +; transmitted through the three
support flexures is

3
3=, (rpi) (1

i=1

where r is the radial distance of the each flexure to the joint
axis, and p; is the tangent force of the gear on the ith flexure
(see Fig. 2). The average tangent force p of the gear is

_ Y3
=, 2
p=5 (2)

The support flexures are bolted to the overload ring at one end,
and to the link at the other. Each flexure reacts to the gear
forces as a beam in bending, fixed on one end, and guided on
the other (Fig. 3). This beam is statically indeterminate with
respect to moments. To solve for the bending moment, the
shear v(x) is written as a function of the distance x along the
flexure, the tangential deflection y, and the beam properties £
(the Young’s modulus of the material) and I (the area moment
of inertia for the beam cross section) [10].

== (Ezd2y> 3
11 9.9 fdx ﬁ . ()
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This equation can be integrated once to find the bending
moment, twice to find the slope, and a third time to find
deflection. The constants of integration are found from the
boundary conditions, i.e., zero deflection and slope at the link
3 surface, and zero slope at the overload ring. This yields the
bending moments M(x)

M(x):p(zx2 L) @
for x varying from zero to L, its full length (see Fig. 3). For
practical reasons (attachments, geometrical constraints), the
cross section of the beam cannot be uniform. The beam has
been designed to have six distinct cross sections, as shown in
Fig. 4. The sections (left to right) are: threads for installation
in the overload ring, a shoulder for centering the flexure in the
overload ring, the active (gauge) section, the overload
shoulder, the (wrench) shoulder for use during installation,
and the threaded section for installation in link 3. We have
designed the flexure so that the greatest strains occur only in
the relatively thin section where the strain gauges are placed.
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A general model for this beam bas been developed using the
previous analysis. The boundary conditions of bending mo-
ment, slope, and deflection are set equal at each section
change. The bending moment at the base of the active beam
section is
pPR2x—N)

M(x)= 3

&)
where A is a boundary condition matching constant related to

the lengths and area moments of the beam sections that
comprise the flexure [5]. The bending stress o(x) is [10]

_ CK.M(x)

a(x) 7

(6)
where C is the half thickness of the beam, and K is the stress
concentration factor for the section change. The strain is
related to the stress by Hooke’s law [10]

_ a(x)
e(x)= = )
Substituting (6) into (7) yields
CK,M(x)
e(x) =—F 8)

The relationship between strain and joint torque is found using

(2), (S)s aﬂd (8)
_u——___

Vs 3rlE ©)

We iterated through several different designs before finding

the best compromise of sensitivity and stiffness. The final

dimensions of the beam are shown in Fig. 4. With the

mechanical parameters in Table I, the strain per joint torque
scale factor is

£ - 14.25ue/N-m.
Y3

10)

To sense the strain in the flexures, each is fitted with four 350-
Q copper-constantan foil gauges, with two gauges on each of
the indicated flexure surfaces that are normal to the tangent
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TABLE I
MECHANICAL PARAMETERS

x =47 x 1073m gauge position
A=1.63 x 1072m beam section constant

K, = 1.88 stress concentration factor
C=1.65x 107%m beam half thickness
r=1502x 10"2m flexure to joint axis distance
I=238 x 100" m* area moment of inertia at gauge
E =207 x 10" Pa Young’s modulus for steel

direction of the bull gear. The four gauges on each flexure are
arranged in a full Wheatstone bridge configuration [8], [9].

The sensor geometry and the full Wheatstone bridge makes
the sensor flexures sensitive to the joint torque, yet relatively
insensitive to radial or axial forces. Using a gauge factor of
2.05 (for copper-constantan) and a 5.0 V dc input excitation
(limited primarily by thermal considerations), the bending
strains due to tangential gear forces reduced to

out

=gV,,=10.25 uV/pe. an

€

The gain of each bridge output voltage per joint torque is
therefore

out

V3

=146 pV/N-m. (12)

Each of the three support flexures has been instrumented
(gauged) identically. Each has its bridge signal individually
buffered, amplified by a factor of 1000, and then the three
signals are summed (each with a weight of unity). The overall
scale factor is thus 3000 times the raw bridge signal for a
single one of the three flexures

Veensor 3000 ¥y
=——=438 mV/N-m.
V3 73

(13)

The stress in each flexure due to the maximum motor torque,
90 N-m [1], is computed using (2), (5), and (6), and equal to
2.68 x 10® Pa, a factor of safety of 2.3 for 4140 steel.

To prevent damage during a crash, the sensor has an
overload protection feature. The force transmitted to the
sensor is limited to less than four times the peak static load.
The bull gear is clamped (see Fig. 5) to the overload ring by
springs, and three cones on the face of the overload ring seat
into recesses in the face of the gear. As the gear forces exceed
the desired limit, the cones unseat, and the gear rotates slightly
to drive directly against the base of the flexures. As the gear
forces subside, the cones reseat and the gear moves back to its
normal position. This mechanism limits the forces exerted on
the instrumented portion of the flexure to the breakaway force
set by the springs.

Experimental Sensor Characteristics

The sensitivity of the sensor has been measured as 159 mV/
N-m. This is 36 percent of the gain predicted by (13). The
difference is due to the strain gauges averaging over an area
substantially larger than the stress concentration. There is a
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slight hysteresis, approximately 28 mV, which corresponds to
0.18 N-m. Sensitivity should be constant, regardless of the
joint 3 position. To evaluate the position dependency of the
sensor, joints 2 and 3 were rotated in 10° increments to modify
the position of joint 3 while keeping link 3 horizontal. The
output of the sensor varied by 8 percent over 270°. This
variation is nonlinear. This is expected to be the result of the
complex loading produced as the pinion rolls over the portions
of the gear adjacent to the flexures.

III. Joint TorQUE CONTROL

In this section, a model of the actuator-transmission-load
system of the instrumented third joint is developed and
experimentally verified using both time- and frequency-
domain techniques. A schematic of the actuator-transmission—
load system is shown in Fig. 6. This includes the motor, the
driveshaft, the gear reduction, the sensor, and the link. 6,, and
05 represent the angular coordinates of the motor shaft and the
third link, respectively. v,, and v are the torques at the motor
and the link. The definition and values of the various
parameters of the system are given in Table II.

The motor is driven by an amplifier with current feedback,
with a bandwidth much higher than the rest of the system. This
dc motor exhibits considerable brush friction. An optical
encoder, for measurement of motor shaft angle, introduces
negligible inertia and friction. The driveshaft on this early
PUMA is hollow and connected at each end by couplings; the
main effect is torsional flexibility. Two stages of gear
reduction couple the motor torque to the load. The cogging
friction and backlash from the gearing appeared significantly
smaller than the motor friction effects, backlash was ne-
glected, and the average friction contribution due to the gears
was combined with the motor friction. The sensor adds both
flexibility and hysteresis to the system, but, by design, of such
small amounts that they can be neglected. The link is modeled
as a rigid body, whose inertia includes any outboard payloads
(the rigidity of the link structure is an area for future
investigation).

Linear damping, primarily due to viscous effects in bear-
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TABLE II
ACTUATOR - TRANSMISSION SYSTEM PARAMETERS
g = 5.0 x 1071 A/V amplifier gain
g = 1.59 x 107! V/N-m torque sensor gain
kn = 2.793 X 10-' N-m/A motor torque constant
I, = 2.88 X 10~* kg-m? motor inertia
I = 3.36 x 107! kg-m? inertia of link 3
N = 53.37063 gear ratio
ks = 5.57 N-m/rad shaft torsional stiffness
fi = 147 N-m's joint 3 linear friction
ings, was estimated and included in the model
lmém"’fc(om’ 9m)+fm0m+ks(0m“N93):'Ym 14
L3+ f10;+ Nk(N6;—6,,) =0 (15)
= Nky(NO3—=0,)=7v3.  (16)

(8., 6,,) is the nonlinear friction, and the motor torque is
an

where U is the amplifier voltage command. The joint torque
sensor voltage output is

Ym= kmga U

I/;=g573' (18)

The motor torque constant was found from manufacturer’s
data, and verified. The parameters I, I3, and N were obtained
from [1]. k; and f; have been estimated from the time response
of the link when the motor is locked, using (15). Ignoring the
motor friction, the transfer function of motor torque to joint
torque is given by

Nks < f3>
S+—
I‘3(s)~ I, I
Th(s) NI+ L)k, fiks\
S3+éS2+( m 3) ss+f3 s)
I 1.1 I,

(19)

The use of the numerical values of Table I in this transfer
function yields a real zero at 43.75 rad/s (6.96 Hz), a real pole
at 12.79 rad/s (2.04 Hz), and a pair of complex poles
corresponding to a natural frequency of 257.22 rad/s (40.9
Hz) with a damping factor of 0.06.
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Fig. 7. (a) Amplitude response. (b) Phase response.

The experimental frequency responses conducted at various
driving amplitudes have shown close agreement with the
complex pole pair near and beyond the resonant frequency (see
Fig. 7). At low frequencies, 10 Hz and below, experimental
data had a fairly flat response. In this regime in fact, the
nonlinear friction is dominant and the effect of real pole and
zero are masked. This behavior at low frequencies suggests a
reduction of the transfer function to the system’s second-order
dominant behavior [3]. The simplified transfer function is

Nk,
Ts(s) I,
T.(s) s24+2tws+w?’

(20

¢ and w have been estimated to be 0.1 and 259.3 rad/s from a
series of experimental measurements. These values closely
correspond to those obtained above.

When the link is immobilized, the transfer function can be
found by considering the limit as the link inertia becomes
infinite. This yields

Nk,
O
Ta(s) e s2+28w.s+w?
where w, = V(ks/I,;) = 139.1 rad/s.
Since the nonlinear friction is neglected in these transfer

functions, the simplified model must be compared to the actual
behavior of the system during motion. We made measure-

@n
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ments of sinusoidal input describing functions over the range
of frequencies and amplitudes of concern. Fig. 7(2) and (b)
compares the actual amplitude and phase characteristics of the
plant for three different levels of excitation to those of the
simplified model. These experimental measurements show the
simplified model to be a reasonable basis for control design.
This model has, in fact, a greater amplitude at the resonance
than the plant. It also exhibits more phase lag at and above the
resonance.

IV. DicrtaL COMPENSATOR DESIGN

The continuous transfer functions were discretized using the
zero-order hold technique with a sample period of 0.002 s.
The discrete transfer functions for the free and constrained
case are

Vi(z) 0.043295492+0.041819
U(z) z*>—1.6546z+0.90196

[ Vi(z)| _ 0.0451232+0.044292
Uz) | z2—1.87117+0.94588 °

(22)

Experiments with first-order compensators have shown insuf-
ficient performance. This limitation is due to the flexibility in
the transmission and the separation of the sensor from the
actuator. Second-order compensators for the free and con-
strained cases, placed in the torque feedback path, were
designed using Z-plane root loci [4]

0.9268z2—1.4829z+0.6511

H(z)=k
) 22-0.95z+0.046

1.9z2-2.282+0.76
22-0.65z+0.03

H(z)=k. 23)

where the dc gains k and k. were both set equal to 5.0. The
performance was limited both by power amplifier saturation
and by computation and sampling delays. The Z-plane root
locus accounts for the effective half sample delay (roughly 14°
near resonance), but not for the added computational delay.
The computation delay from reading sensors to sending
commands was measured and found to be 0.4 ms. This delay
corresponds to roughly six degrees of phase shift at a
frequency of 40 Hz (roughly, the free-arm resonant frequency)
and is smaller than the sampling delay. Faster sampling and
computation would lead to a better system, with greater
damping and phase margins, but were not achievable with the
hardware and software available. The Z-plane root loci are
shown in Fig. 8.

First, pure torque control experiments have been conducted.
Without compensation, the open-loop system shows no re-
sponse to the square-wave torque input of amplitude less than
1.5 N'm, as shown in Fig. 9(a).

Fig. 9(b) shows the response of the closed-loop system
resulting in an overshoot and a steady-state error of 30 and 7
percent, respectively. Compared to the open-loop response
performance, this represents a 97-percent reduction in the
effective friction. The 10-90-percent rise time is less than
0.01 s (only five sample periods), as shown in Fig. 9(c), where
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the time scale has been expanded. Considering the open-loop
resonant period (0.045 s), this represents a substantial increase
in bandwidth.

For joint position tracking, the joint torque feedback
compensator is an inner loop in a joint position feedback
servo. A simple lead/lag compensator has been selected for the

outer position servo. Fig. 10(a) shows the position response to
sinusoidal input (1 Hz, 0.1 rad), without joint torque compen-
sation. At this level of amplitude, very poor and nonrepeatable
performance can be observed. The response when the joint
torque compensator is included is shown in Fig. 10(b). The
tracking error is approximately 14 percent.
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V. CoNCLUSION

A joint torque sensor for the third joint of a PUMA 500
manipulator has been designed and constructed. This sensor
exhibits a sensitivity of 159 mV/N-m with an acceptable level
of nonlinearity (8 percent), and provides overload protection.
A simplified dynamic model of the actuator-transmission-load
system, including flexibility and linear friction has been
developed. Accurate modeling of the flexibility was essential
for the control design due to the separation of the sensor from
the actuator. Compared with the system’s actual response, this
model has been shown to be a good basis for control design.
Digital compensators for pure torque control and uncon-
strained joint motion were designed and tested. These compen-
sators demonstrated a significant improvement in fine motion
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control providing a substantial reduction of the effective
friction (97 percent).

The overall stability and performance of the system are
dependent on the sensor characteristics, the flexibility, and
nonlinearity of the mechanism. As indicated by the model, the
effects of motor inertia and friction are magnified by the high
gearing ratio of this manipulator. Direct- or semi-direct-drive
mechanisms are, therefore, attractive approaches to reduce
these effects, assuming they provide similar efficiencies in
actuation. Improved modeling, nonlinear friction compensa-
tion, and analog implementation of the joint torque feedback
loop can be expected to further enhance the level of perform-
ance that has been demonstrated here.
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