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Abstract

This work describes the design of a new one-axis torque sensor. It
achieves the conflicting requirements of high stiffness for all six force
and torque components, high sensitivity for the one driving torque
of interest, and yet very low sensitivity for the other five force/torque
components. These properties, combined with its donut shape and
small size, make this sensor an ideal choice for direct-drive robotic
applications. Experimental data validate the basic design ideas
underlying the sensor’s geometry, the finite element model used in

its optimization, and the advertised performance.

KEY WORDS—torque sensor, robot joint, joint torque
control

1. Introduction

The benefits of using joint torque sensory feedback to im-
prove the performance of robotic systems have been recog-
nized in the robotics community (Asada and Youcef-Toumi
1987; Stokic and Vukobratovic 1993; Hashimoto, Kiyosawa,
and Paul 1993; Kosuge, Takeuchi, and Furuta 1990; Aghili,
Buehler, and Hollerbach 1998a, 2001). For example, joint
torque feedback can be used to compensate the nonlinearities
and modeling uncertainties of manipulator dynamics (Aghili,
Buehler, and Hollerbach 1997, 2001; Kosuge, Takeuchi, and
Furuta 1990; Hashimoto 1989) or simply those of actuators
(Asada and Lim 1985; deSilva, Price, and Kanade 1987,
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Zhang and Furusho 1998; Luh, Fisher, and Paul 1983). More-
over, in geared systems, the implementation of model-based
controllers is difficult without measuring the actual output
torque since the efficiency of gears depends greatly on the
torque and, to a lesser extent, on the joint velocity, and yet
these data are typically not made available by gear manufac-
turers. Thus, there is a need for torque sensors that can be
integrated simply between the actuator (and possibly gear)
and the load. The sensor research described in this paper was
motivated by the lack of suitable sensors needed for our joint
servo system (Aghili, Buehler, and Hollerbach 2000).
Accurate joint torque measurement encounters several de-
sign challenges. In the design of robot manipulators, it is
desirable that much of the torque/force reaction of the link
load on the joints appears in the form of nontorsional compo-
nents because actuation then takes less effort. SCARA robot
arm designs, for instance, prevent gravity torques from act-
ing on the joint motors (Newman and Patel 1991). However,
since torque sensors are directly attached to the motor’s distal
links, they have to bear those potentially large nontorsional
components. The first challenge is to measure torque with
minimal influence from simultaneous and potentially large
nontorsional components. In the sequel, we shall call the one
axis of the motor torque of interest the torsion. For simplicity,
we shall call the other two torque and three force components
the nontorsional components. The second challenge relates
to the sensor stiffness. High torsion stiffness is important be-
cause any deflection adds positioning errors that cannot be
compensated by the joint servo controller. To increase the
signal-to-noise (S/N) ratio and sensitivity of the sensor, it is
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desirable to design a structure that generates a large strain for
a given load torque. However, the sensitivity introduces a tor-
sion compliance that must be minimized. Thus, there are two
conflicting requirements: high stiffness and high sensitivity
for torsion. A solution to these two challenges will be de-
scribed in this paper and is new compared to existing designs.
Some aspects of this research have been previously reported
in Aghili, Buehler, and Hollerbach (1997b, 1998b).

There is a large literature on the systematic design of six-
degree-of-freedom (DOF) force/torque sensors (Hirose and
Yoneda 1990; Svinin and Uchiyama 1995; Uchiyama, Bayo,
and Palma-Villalon 1991). It is important to note that the
design criteria for one- and six-DOF sensors are very differ-
ent. For instance, isotropy (uniform sensitivity) is a desirable
property of a six-DOF force/torque sensor, and hence its elas-
tic structure tends to be fragile and compliant in all directions.
In contrast, the elastic sensitivity of a torque sensor has to be
maximized only around its torsional axis.

Various techniques have been proposed to instrument
geared motors for torque sensing (Hashimoto, Kiyosawa, and
Paul 1993; Luh, Fisher, and Paul 1983; Pfeffer, Khatib, and
Hake 1989; Vischer and Khatib 1990), while little attention
has been paid to find an adequate structure for joint torque
sensing (Asada and Lim 1985; Jacobsen et al. 1991; deSilva,
Price, and Kanade 1987). Hashimoto, Kiyosawa, and Paul
(1993) used the elasticity of the flex-spline in a harmonic
drive to measure the joint torque. This technique has the ad-
vantage of using the existing structural flexibility of the robots.
However, eliminating the error caused by rotation of the wave
generator is difficult because it requires a nontrivial gear mod-
ification, and this approach cannot be used in direct-drive sys-
tems. Many researchers (Pfeffer, Khatib, and Hake 1989; Wu
1985; Luh, Fisher, and Paul 1983; deSilva, Price, and Kanade
1987; Asada and Lim 1985; Vischer and Khatib 1995) have
chosen not to place the sensor directly at the joint shaft to avoid
the detrimental effects of the support forces and moments. Pf-
effer, Khatib, and Hake (1989) replaced standard attachment
bolts in the PUMA 500 joints with a flexure instrumented
with strain gauges. Wu (1985) used a shaft with a thin hollow
circular section that was supported by two bearings. Strain
gauges were mounted on the thin section. Luh, Fisher, and
Paul (1983) cemented stain gauges on the connecting output
shaft, which was mounted to the flex-spline of the harmonic
drive for each joint of the Stanford manipulator. Visher and
Khatib (1995) integrated a torque sensor with the gear trans-
mission, while Asada and Lim (1985) and Asada and Youcef-
Toumi (1987) integrated strain gauges in the hub supporting
the robot of a direct-drive motor. The strain gauges were ce-
mented on three beams connecting the outer ring, mounted
to the motor rotor, and the inner ring, which was coupled to
the motor shaft. Asada and Lim cemented strain gauges in-
side the rotor of a direct-drive motor for torque measurement.
Since these sensors were not mounted directly on the joints
of a manipulator, the entire set of forces and moments were

supported by the bearing set rather than the sensor structure.
However, these sensors were not ideal because they could not
account for the friction in the joint bearings. Moreover, the
mechanical joints were complicated and sometimes bulky. In
commercial torque sensors (AMTI 1996; Himmelstein and
Company 1991; Lebow 1997), nontorsional components are
not permitted or are highly restricted. Furthermore, they usu-
ally come in bulky packages, are built for shaft mounting, and
thus are not suitable for integration in a robot joint.

Figure 1 illustrates conventional geometries (A, B, C, and
D) and the proposed hollow hexaform design (E) for torque
sensors. Solid (A) and hollow (B) cylinders have been used
extensively for joint torque sensing (Pfeffer, Khatib, and Hake
1989; Wu 1985; Luh, Fisher, and Paul 1983; deSilva, Price,
and Kanade 1987; Wu and Paul 1980) but are sensitive to non-
torsional components (Wu and Paul 1980). For this reason,
they are usually mounted before the joint bearings so that the
bearing can support the nontorsional components. In addition
to requiring a bearing support structure, the main drawback
of this method is that joint friction cannot be observed by the
sensor. Hub-sprocket designs (C) have been used for geared
joints (Hirzinger et al. 1994, 2001; Vischer and Khatib 1995)
as well as direct-drive joints (Asada and Lim 1985; Asada and
Youcef-Toumi 1987; Tani, Hatamura, and Nagao 1983). Al-
though a better rejection to nontorsional components has been
reported for this type of sensor (Vischer and Khatib 1995), the
structure is not adequate for a modular robot joint. This is be-
cause of the drastic change in the physical size between the
input (inner ring) and output (outer ring) of the sensor. Rather,
this type of sensor should be integrated with the gear or with
the rotor of a direct-drive motor, and hence it suffers from the
same drawbacks as type (A) and (B) sensors.

The hollow cruciform design (D) is used in commercially
available torque sensors (Lebow 1997) and has been analyzed
in Joo, Lee, and Kang (1998). In this design, strain is induced
mainly by bending of the wing elements. To achieve good
sensitivity, the wing and sensor height is large, and as a result,
the stiffness is low and nontorsional torques must be kept
small. The proposed hollow hexaform sensor (E), described
in this paper, is similar in its basic geometry to the hollow
cruciform sensor (D) with only four wings. However, there
are fundamental functional differences. Due to the increased
number of wing pairs and the shorter height, strain is induced
primarily in torsion, resulting in a much stiffer sensor and
improved sensitivity. In addition, this design can be optimized
to support nontorsional torques, making it suitable for direct-
drive robotic applications.

This paper is arranged as follows. In Section 2, the general
conditions are proposed on the mechanical design and the
location of the strain gauges so that the Wheatstone bridge
decouples the joint torque output signal from the nontorsional
components. Additional designissues, such as torsional strain
sensitivity, torsional stiffness, the sensor shape, and material,
are discussed as well. Section 3 describes the detailed sensor
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Fig. 1. Different structure for torque sensor: (A) solid cylinder, (B) hollow cylinder, (C) hub-sprocket, (D) hollow cruciform,

and (E) new hollow hexaform design.

design and how the finite element method (FEM) was used to
optimize the sensor geometry. Experimental validation of the
sensor’s characteristics is presented in Section 4.

2. Sensor Design

In this section, we describe how the new hollow hexaform
sensor achieves

1. high sensitivity to torsion,
2. low sensitivity to nontorsional components, and

3. high stiffness in all axes of forces and moment.

2.1. Design for Decoupling

In general, torque measurements are derived from strain mea-
surements at several locations on an elastic sensor body. As-
suming a linearly elastic material, there is a linear relation-
ship between the applied forces and torques and the resultant
strains described by

e=Cft, (D

where € = [e], €, ---,€,]7 is the vector of n measured
strains, £ = [ fy, fy, fz, nx, ny, nZ]T € R® is the generalized
force/moment vector acting at the center of the sensor body
where the z-axis and joint axis are identical, and C € R"*®
is the sensitivity matrix whose elements [c;;] denote the sen-
sitivity of the ith strain gauge to the jth component of the
generalized force/moment. This matrix permits the recon-
struction of the torsion moment from the output signal with
the gain vector. Unlike in 6-axis force/torque sensors, it is de-
sired to reconstruct only the torsion moment r, from the mea-
sured strains €. However, the sensitivity matrix underlies the
mechanical coupling transmitted through the force/moment
sensor structure. Therefore, the sensor output should be de-
coupled from the nontorsional components of forces and mo-
ments. We show that one can use the additive properties of
the Wheatstone bridge to achieve the decoupling without the
need for any subsequent arithmetic. The resulting advantage
is a reduction of instrumentation and the number of wires by
completing the bridge wiring inside the sensor, as well as a
simplification of tedious calibration.

The question arises concerning the condition for which
there exists such a mapping. It is necessary to consider each
component of force to be a linear function of all stain gauge
sensors to correct for the coupling. Let v, and v,y represent
the output voltage and the excitation voltage of a half-bridge
configuration, and let GF denote the gauge factor (Omega
1995) of the strain gauges. Then, assuming every strain gauge
pair constitutes a half-bridge circuit, the overall voltage output
is given by

Vo = &, V'€, 2)

where o, = 0.5G Fv,, is the gain of the strain gauges, and
v = [-1,1,-1,1,---]7 represents the gain signs corre-
sponding to the negative and positive branches of a Wheat-
stone bridge circuit. Substituting € from eq. (1) into eq. (2),
we have

Vo = @ (CTV>T f. 3)

It is evident from eq. (3) that, in the most general case, the
sensor output is the superposition of weighted components
of the generalized forces and moments transmitted through
the sensor unless all weights related to the exogenous forces
moments are zero. That is,

CTv = ape, 4

where e = [0, 0, 0, 0,0, 117, and o, is the (scalar) mechani-
cal gain of the sensor. In this case, the sensor output is solely
proportional to the torsion torque; that is,

Vo = ang, 5

where o = a0, represents the overall sensitivity of the sen-
sor. Eq. (4) underlines a condition on the structure of a torque
sensor by which the sensor exhibits the decoupling. As a re-
sult, such as sensor is not sensitive to the supporting forces
and moments transmitted through the structure of the sensor.

For the candidate geometry in Figure 2 and with four strain
gauges located on the numbered locations, the parametric
form of the sensitivity matrix can be derived from the sym-
metry of the structure with respect to the external forces and
torques as
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Fig. 2. Basic torque sensor structure. (A) solid disks, (B)
elastic element, and (C) strain gauge.

11 €12 €13 C14 €15 —C16
C= €21 €12 €13 €14 —C15 €16
€21 €32 €13 —Cl4 —C15 —Ci6

€11 €32 €13 —Cl4 C15 C16

The jth column of the matrix represents the strain sensitivi-
ties in the four site locations with respect to the jth load case
(e.g., the third column represents the sensitivity due to f;).
The identical elements in the matrix can be implied from the
symmetric configuration of the structure with respect to dif-
ferent load cases. For instance, the symmetric condition of
the stain gauges with respect to the axial load, f,, implies
identical elements of the third column. Now one can readily
show that CTv = 4c¢ee, and hence the structure satisfies the
condition (4) for mechanical decoupling.

There are two main reasons in practice that violate the
above assumption of exact symmetry among the measured
strains. First, strain gauges exhibit variations in their gauge
factor. Second, the strain gauges will be placed on areas
with high strain gradients. This makes the gauge outputs sen-
sitive to placement errors. This can also be modeled as a
gauge gain error. As a consequence, exact cancellation of the
nontorsional components may not be achieved with the the-
oretical gain vector. By virtue of the linear mapping (1), the
nontorsional components produce no output if all elements
of the sensitivity matrix except that for the last column are
sufficiently small. This implies that the strain sensitivity to
the nontorsional components has to be held to a minimum
by mechanical design. This condition, in conjunction with
the decoupling property of the sensitivity matrix, actually de-
termines the capability of the sensor to reject the effect of
nontorsional force/torque to the output and provide a high
fidelity output signal.

2.2. Maximum Sensitivity

To increase the S/N ratio and the resolution of the sensor, it is
desirable to design the elastic component to provide large out-
put signals (i.e., large mechanical gain «;,, ). Therefore, one of
the design criteria is to increase the torsional sensitivity, sub-
ject to not exceeding the allowable strain. In the absence of
nontorsional components, the maximum attainable strain sen-
sitivity depends solely on the material properties as the strain
due to the maximum load should be close to the maximum
allowable material strain or stress. However, nontorsional
components produce strains that add to the strain caused by
torsion. To ensure that the allowable maximum material strain
is not exceeded, we consider the worst-case scenario where
the generalized force/torque vector has its maximum force
and moment. Then, to exploit maximum torsion sensitiv-
ity, c1¢, the other sensitivity components (i.e., {c1, - - - , €15})
must be minimized by proper geometry design. This design
requirement is consistent with a decoupling property of the
sensor. It is interesting to note that cylinders are mainly used
in the design of commercial torque sensors. By elementary
strength of material analysis, one can show that bending mo-
ments produce twice the stress than the same magnitude tor-
sion moment. This is why shear and thrust forces and bending
moments must be kept small in these sensors.

2.3. High Torsional and Bending Stiffness

Torsional deflection degrades the position accuracy of the
joint angle controller. Moreover, increasing the S/N ratio
requires maximizing the sensor sensitivity. However, highly
stiff sensors tend to be less sensitive. Therefore, one of the
critical design challenges is to maximize the stiffness while
maintaining high sensitivity. We propose y, called struc-
ture efficiency, which is the product of sensitivity and stift-
ness as a performance index to capture these contradictory
requirements:

y £ (torsional sensitivity) - (torsional stiffness)

4o, n, € ©)
=T g,
n, 1) 1)

where § is the torsional deflection. As mentioned earlier, the
gain of the strain gauge, «,, is independent of sensor struc-
ture. Moreover, € /4 is a dimensionless variable that captures
the ratio of the local and global strains. These facts suggest
that y is a decisive factor in the sensor design and should be
maximized. Moreover, since it is dimensionless, the index is
a useful base for comparison of different-size torque sensors.
The index is maximized in elastic structures that produce high
strain concentration in torsion. In theory, there is no limit on
the strain concentration in an elastic body. However, the high
strain concentration takes place in a very small area, which
might be smaller than the physical size of available strain
gauges. Moreover, since strain gauges average the strain field
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over their area, the detected strain can be significantly lower
than the calculated value. Therefore, it is important to gen-
erate high strain over a sufficiently large area. This objective
seems difficult to formulate analytically but can be inspected
by FEM.

Introducing a torque sensor in a robot joint adds flexibil-
ity. Although torsional flexibility can, in principle, be com-
pensated via sophisticated controllers, deflection in the other
axes is more problematic. Consequently, another design cri-
terion dictates high stiffness in nontorsional directions. For-
tunately, the requirements for low deflection and low strain
sensitivity for nontorsional components are consistent. The
structure shown in Figure 2 exhibits high bending stiffness
around the x-axis. However, its poor stiffness around the y-
axis is a drawback. This problem can be simply solved by
adding more wing pairs, as shown in Figure 3. This improves
the uniformity of the bending stiffness along different axes
as well as the body stiffness. In general, all performance as-
pects of the sensor improve with the number of wing pairs,
but since we will want to machine the sensor from one solid
piece of metal, the limit is imposed by manufacturability. For
this reason, we consider six wings in our design.

2.4. Practical Shape Considerations

Addition of a torque sensor to a robot joint must not require
the redesign of the joint and should result in a minimal change
in the manipulator’s kinematics, particularly the link offset.
Hence, a shape with a small width is desirable. Minimizing
the effects of thermal stresses is a design factor that cannot
be ignored. Motors are a source of heat that flows from the
motor to the attached link through the sensor body. There-
fore, it is desirable to have an axis-symmetric design that
constrains the heat to flow in the axial direction, where no
position constraint usually exists. The common hub-sprocket
designs are prone to thermal stresses because of the temper-
ature difference between the hub and the wheel. Since the
sensor is specifically designed for a direct-drive motor with
hollow shaft, flange mounting is preferred. Finally, the body

Fig. 3. Elastic structure of the torque sensor.

971

should be designed for ease of manufacture. It should be a
monolithic structure; that is, the body should be machined
from a solid piece of metal. This decreases the hysteresis and
increases the strength and repeatability of the sensor. The
hollow hexaform geometry shown in Figure 3 satisfies these
requirements.

2.5. Material Properties and Overloading

So far, only geometric properties of the elastic body have
been considered. Nevertheless, the stiffness and sensitivity
characteristics of the torque sensor are also determined by the
material properties. The maximum allowable strain for foil
strain gauges is typically 3%, which is at least one order of
magnitude higher than that of industrial metals €,, making
the materials the limiting factor for sensitivity. Furthermore,
the stiffness depends linearly on Young’s modulus E of the
material. By virtue of Hook’s law,

o, = F ¢4,

one can conclude that high sensitivity and stiffness are achiev-
able simultaneously only by use of a high-strength material.

Because a linear response is desired from the sensor, the
chosen sensor material must have a linear strain-stress rela-
tionship. Steel is the best available industrial material that has
good linearity properties within a large stress range. More-
over, due to the oscillatory nature of the loading, steel can
work with infinite fatigue life (Shigley 1989) as the allow-
able strains are determined based on the endurance limit. The
endurance limit or fatigue limit is the maximum stress under
which mechanical failure will not occur, independent of the
number of load cycles. Only ferrous metals and alloys have
an endurance limit.

The sensor is designed for a nominal torque of 300 Nm,
which is based on the endurance limit of mild steel and is twice
as much as the yield point. Hence, the safety factor in torque
overloading is two. Remarkably, FEM results demonstrated
that the stress induced by the bending moment is very low for
the proposed structure. As a result, the structure can resist
bending moments as high as 2000 Nm, which is almost an
order of magnitude higher than the nominal torque.

2.6. Thermal Deviation

The gauge resistance and gauge factor of all known strain-
sensitive materials vary with temperature. The change in
resistance with temperature for a mounted strain gauge is a
function of the difference in the thermal expansion coefficient
between the gauge and the sensor body and of the thermal co-
efficient of resistance of the gauge alloy. Self-temperature
compensating gauges can be achieved for specific materials
by processing the strain-sensitive alloy such that it has thermal
characteristics that compensate for the effects of the mismatch
in thermal expansion coefficients between the gauge and the
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body of the sensor (Omega 1995). The manufacturer of the
strain gauge (Omega 1995) claims that its products accurately
compensate the effect of temperature if they are chosen ac-
cording to a specific coefficient of thermal expansion of ma-
terial on which the gauges are mounted.

3. FEM Design and Analysis

Once we had determined the basic hollow hexaform shape of
the sensor, we used the FEM capabilities of IDEAS (Struc-
tural Dynamics Research Corp.) to optimize the sensor di-
mensions and determine the size and placement of the strain
gauges. Strain concentration is the design key to simultane-
ously achieve high torsional sensitivity and high stiffness. For
maximum sensitivity, strain gauges should be located where
maximum induced strains due to the torsion load occur. Since
the strain field is averaged over the area covered by the strain
gauges, it is very important to determine the loci of the peak
strain and ensure the creation of a sufficiently large strain field.
FEM is ideally suited to solve this problem.

The sensor body is modeled by solid elements, as shown
in Figure 4A. Since the body is symmetrical in geometry and
boundary conditions, it suffices to analyze one-half of it, pro-
vided that adequate position constraints are imposed on the
nodes of the cutting plane. To simplify the FEM, small geo-
metric features of the body are suppressed. Several load cases
were investigated, corresponding to axial and shear forces as
well as bending and torsion moments.

In our application, the maximum forces and moments are
fmax = 1000N and n;,q5x = 300N m, respectively. A prelim-
inary stress analysis showed that the axial and shear forces
have negligible elastic effects because they produce a uni-
form strain/stress field in the elastic body, resulting in a very
weak maximum strain. In fact, the bending moment is the crit-
ical nontorsional component, and consequently two different
load cases corresponding to the external torsion and bending
torques are established for FEM. It is important to note that
in robotic applications, the maximum angular deflection due
to external torques (which is amplified by the robot links) is
a more restrictive constraint than linear deflection due to the
forces. It has been investigated that the worst-case strain due
to the bending load happens when its axis lies perpendicu-
lar to one of the wings, and consequently that axis is chosen
for the bending. Moreover, as mentioned earlier, maximum
torsional sensitivity requires minimum bending sensitivity. In
particular, the radial displacement of the disk’s outer diameter
due to torsion, principal strain at the strain gauge seats due to
both load cases, and maximum von Mises stresses/strains due
to a combination of all load cases are selected as the design
benchmarks. The described design criteria can be checked
with the FEM results to modify the geometry of the sensor
iteratively.

In the shape optimization process, we chose as design vari-
ables the wing thickness, the distance between two disks, and

the inner-hole diameter. The 95 mm outer diameter was se-
lected to match our particular motor. They were varied to
maximize the structure efficiency (eq. (6)), which is equiva-
lent to minimizing the performance index

_; _ torsional deflection
o'

14 : :
strain due to torsion’

subject to keeping the maximum von Mises stresses within the
allowable limits, considering fatigue. The IDEAS solver uses
the “Steepest Descent” (the gradient method) method with a
penalty function for finding the local minimum—the penalty
function simply adds the weighted constraint equation into
the objective function.

The postprocessing stage was guided by the following de-
sign benchmarks: the tangential and axial displacement of the
disk’s outer diameter, the principal strain in the axial direc-
tion and parallel to the gauge axes due to both load cases, and
the maximum von Mises stress/strain due to a combination
of all load cases. Hence, the performance index can be ob-
tained from Figures 4C and 4E, while the constraint condition
is given by 4B. These design criteria were checked with the
FEM results to modify the geometry of the sensor iteratively.
The FEM results of the elastic body’s final design are shown
in Figure 4. The worst-case von Mises stress (i.e., the com-
bination of the two load cases) is shown in Figure 4B, where
its maximum occurs at 150 MPa. This is close to the en-
durance limit of mild steel, with a reasonable factor of safety.
Figures 4C and 4D illustrate the tangential and axial displace-
ment fields by which the torsional and bending stiffnesses are
carried out—k, = 2.7 x 10° %—’Z and k, = 4.9 x 100 ﬁ\g—’;, re-
spectively. The axis-symmetric pattern in the figure confirms
the correctness of the imposed boundary conditions. Fig-
ures 4E and 4F show the strain contour in the axial direction
in which the strain gauges are oriented for the first and sec-
ond load cases, respectively. The FEM results demonstrate
that the strain sensitivity in torsion is 7 times higher than in
bending, while the bending stiffness is 18 times higher than
the torsional stiffness.

4. Calibration and Experiments

The torque sensor is machined from a solid steel rod (Fig. 5).
Foil strain gauges (SG-3/350-LY41 from Omega 1995) are
cemented at the locations determined by the FEM. The strain
gauge bridge is excited by a precisely regulated 8.0 V DC
voltage. Instrumentation amplifiers built into the sensor boost
the signal level of the Wheatstone bridge output before A/D
conversion. We took advantage of the hollow motor shaft,
which is common in direct-drive motors, to locate the elec-
tronic circuit board beside the sensor. The local signal con-
ditioning provides a stronger output signal and improves the
S/N ratio. Moreover, since the electronic circuit is totally en-
closed by the motor’s hollow shaft, it is well shielded from
the powerful magnetic noise created by the motor.
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Fig. 4. Finite element method analysis.
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Fig. 5. The torque sensor prototype.

4.1. Static Test

To characterize the linearity and sensitivity of the sensor, static
torsional and bending torques are applied in the experimental
apparatus illustrated in Figure 6. One side of the sensor is
affixed to a bracket, while two aluminum bars are attached
radially and axially to the other side. The ends of the bar are
connected to a mechanical lever via ropes in which load cells
(MLP-50 from Transducer Techniques 1994) are installed.
The lever varies the tension in the cord gradually between zero
and maximum. During loading and unloading, the reference
load cell output and the torque sensor output (device under
test) are recorded.

The force transducer signal is scaled to torque and then
plotted versus the torque sensor output voltage in Figure 7
for 2000 sample points. The slope of the line indicates the

B: VonMises stress (MPa

E: Axial strain (ue) 13tload

973

a6 9. D7 B 28 20
C: Tangential displacement (um), 1%¢load

- RN R R R R R -

F: Axial strain (pe), 2"%load

Fig. 6. The static test setup.

sensor calibration coefficient of « = 30 % The graph
of deviation from linearity is also illustrated in Figure 7. The
two trajectories of the error indicate a hysteresis of about 0.1%
full scale. The figure shows that all collective deviations from
linearity are less than 0.2% full scale.

Low sensitivity to the other axes is one of the key charac-
teristics of a good joint torque sensor. The cross-sensitivity
measurements are performed by using the static test bed setup.
Forces and moments are applied on different axes by the sys-
tem of pulleys and weights shown in Figure 6. The bending
moment is applied via an axial bar firmly connected to the sen-
sor, while the torsion torque is applied by the radial arm. The
direction of the force is set by a pulley, as shown in Figure 6.
Theoretically, the sensor output should not be responsive to
the bending moment or the forces at all. However, in prac-
tice, due to inaccurate placement of the strain gauges and/or
differences in the gauge factors of the strain gauges, exact de-
coupling may not be achieved. In the course of experiment,
it becomes evident that, with the exception of the torsion mo-
ment, the bending moment dominates the sensitivity of the
sensor. The experimental result indicates that the ratio of the
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Fig. 7. Sensor output versus applied torque (left) and percent full-scale error from linearity plus hysteresis (right).

sensor readings with respect to the bending and torsion—the
cross sensitivity—is only 0.6%. This confirms that the sensor
effectively decouples the effect of the nontorsional compo-
nents on the measured torque signal.

4.2. Dynamic Test

Dynamic testing serves mainly to validate the FEM results
on which the stress analysis is based. The experiment is ar-
ranged to extract the stiffness of the sensor prototype. Again,
the sensor is held rigidly by a bracket while a steel disk is
flanged to the other side. The disk is massive, with an inertia
of I,, = 0.24 kgm?, and the whole system behaves like a
second-order system. To detect all the vibration modes corre-
sponding to all compliance directions, the cross sensitivity is
deliberately increased by electrically bypassing the strain of
all strain gauge pairs except one. Therefore, the torque sensor
no longer has the decoupling property, and its output is the
summation of all torque/force components weighted by their
corresponding gains. The system is excited impulsively by a
hammer, and a data acquisition system records the subsequent
vibration with a sampling rate of 3.2 kHz. Figure 8 (“left”)
shows the impulse response of the system in the time domain,
which closely resembles that of a second-order system.
Since the torsion gain is highest, the sensor signal is domi-
nated by torsion vibration, which decays due to the structural
damping of the sensor material. Nevertheless, the sensor’s
modes are shown clearly in the frequency domain. To thisend,
a 0.5 second interval of the signal is taken viaa Hamming win-
dow, and then its spectrum is found by FFT. Figure 8 (“right”)
reveals that the modal frequencies associated with the bending
and torsion compliances occur at 150 Hz and 980 Hz. Due to
the low damping, the modal frequencies are almost the same
as the natural frequencies. The corresponding torsion stift-
ness can be calculated by k, = 4nzlzzw§ =24 x 105%,
which results in a high torsional stiffness. The bending stiff-
ness can be found in the same fashion. However, it should
be noted that the relative inertia is half of the inertia for disks
G.e., Iyx = %IZZ). The bending stiffness is calculated to be 20

times higher than the torsion stiffness, k, = 4.8 x 100 %—’Z A
comparison with the FEM predictions reveals an acceptable
20% error.

The viscoelastic effect of the material causes the internal
structural damping modeled as viscous friction ¢. Figure 8
(“left”) validates the damping model where the exponential
envelope corresponding to ¢ = 0.01 matches the oscillation
decay. The effect of internal viscous friction suggests that the
mechanical model of the sensor can be a spring in parallel
with a damper. The external torque n, on the sensor is then
equal to

n. = k.8 + b.4,

where the viscous coefficient is b, = 2{Q, = 9.43% .

The strain gauges deliver a voltage signal as soon as they

are exposed to strain. Moreover, since the sensor is calibrated

when a static load is applied, the sensor voltage is proportional

to the strain (i.e., v, & ). Therefore, the transfer function

from the applied torque to the output voltage is first order:
output 1 b,

: = where
input torque 1+ 15§ k;

which shows that the viscoelastic property of the sensor’s
material decreases its bandwidth. Since joint torque feed-
back is established through a torque sensor, it is imperative
to employ a high-bandwidth sensing device (Aghili, Buehler,
and Hollerbach 1998a, 2000, 2001). Indeed, the sensor must
have a wide bandwidth to ensure that a torque servo system
has good sensitivity and fast response. The sensor’s cutoff
frequency, according to the measured viscous coefficient and
the stiffness, is calculated to be 7.6 kHz. This is sufficiently
high compared to the bandwidth of typical actuators (e.g., our
direct-drive joint) (Aghili, Buehler, and Hollerbach 2000).

5. Conclusion

Motivated by the need for accurate joint torque sensing in
robots, we have designed a new torque sensor, based on the
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Table 1. A Comparison with Various Types of Torque Sensors

Sensor Type Sensitivity Torsional Stiffness Bending Stiffness y
my 104 Am 104 Am 103 .2
Nm rad rad rad
B 45.7 34 NA 1.55
C 96.5 1.5 NA 1.45
E 30 480 7.2

NOTE: NA = not applicable.

hollow hexaform geometry. Its key features are its extremely
high stiffness and its insensitivity to the set of support forces
and moments that persist in a robot joint. These features per-
mit the mounting of the sensor directly in the joints of a robot
manipulator, leading to accurate joint torque sensing and to
a compact and modular design. The structure of the sen-
sor also exhibits strain concentration to torsion loads, which
maximizes the sensitivity to torsion without sacrificing tor-
sional stiffness. Other design issues such as practical shape
consideration, material properties, and overloading have been
also considered. The sensor geometry was analyzed and opti-
mized using the FEM. The sensor has been tested extensively
to confirm its design goals and is well suited as a torque-
sensing device in robots or other industrial high-performance
motion control applications.

Finally, to justify the design work presented in this paper,
it is imperative to compare the characteristics of our torque
sensor with that of conventional commercially available sen-
sors. However, some data (e.g., regarding cross sensitivity
and stiffness to bending) are often not available. Neverthe-
less, for instance, it is known from the elementary strength
of material that a cylinder structure is 0.77 times less stiff in
bending than in torsion while our sensor is 18 times stronger in
bending than in torsion. Our proposed structure also exhibits
outstanding torsion characteristics. The torsional sensitivity
and stiffness data of type B and type C torque sensors (Fig. 1)
were reported in Wu (1985) and Asada and Lim (1985), re-

spectively. A survey of conventional torque sensors shows
that our sensor’s performance characteristics compare very
favorably. A direct quantitative comparison with those types
of sensors and type D (i.e., our design) is shown in Table 1.
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