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Fig. 7. The testing setup. The MEMS sensor was secured to a commercial
force-torque sensor (ATI Gamma, ATI Automation). Loading was applied
manually along all 6 axes. Data from the MEMS sensor was logged to a PC
using an Arduino Micro.

Fig. 8. Single direction loading for force and moment. The red line
represents a perfectly matched response with the commercial force-torque
sensor response while the blue dots are the actual response.

Torque sensor, ATI, Apex, North Carolina, USA). Uniaxial
loading was achieved by fixing a string to the top plate and ap-
plying weights to the end of the string. Compound loading was
achieved by grasping the top plate and manually manipulating
the sensor through a range of different forces and moments
to create a random time-varying compound input force. Data
from the barometers was logged by an Arduino Micro and
processed using Matlab (Fig. 7). Calibration used a first order
least-squares fit with an affine term. Figure 8 shows the force-
torque sensor response along all 6 axes against the commercial
sensor. The blue dots represent a single time point and the
red line represents the ideal, a one to one correspondence
between the commercial sensor and the MEMS barometer
sensor. Despite the low cost and simple fabrication, the sensor
produces reasonably linear responses to single axis loading as
demonstrated by the low RMS values.

Figure 9 represents the sensor response under compound
loading. Finally, Figure 10 shows the MEMS sensor readings
plotted alongside the commercial sensor readings during com-

Fig. 9. Compound loading for (a) X Force (b) Y Force (c) Z Force (d) X
Moment (e) Y Moment (f) Z Moment. The red line represents a perfectly
matched response with the commercial force-torque sensor response while
the blue dots are the actual response.

TABLE I
STIFFNESS OF THE MEMS FORCE-TORQUE SENSOR

AXIS STIFFNESS
FX 26.4 N/mm
FY 27.4 N/mm
FZ 193 N/mm
MX 7.06 N/degree
MY 7.55 N/degree
MZ 3.93 N/degree

pound loading. The stiffness results for each axis are given in
Table I.

The RMS error was also calculated during an unloaded
condition in order to determine the noise of the MEMS sensor.
These values are given in Table II.

IV. DISCUSSION

A. Discussion

This paper presents a simple design that demonstrates
MEMS barometers can be used to create a six-axis force-
torque sensor at low-cost. The total cost of components is
under twenty dollars, including the barometer chips, micro-
controllers, printed circuit boards, urethane rubber (Vytaflex
20), and rigid plastic for top and bottom mounting plates.
The barometers are assumed to be mounted on a single
flat PCB in keeping with the design goal of a low-cost,
easily-manufactured system. The circuit boards and casting
process are all compatible with commodity mass-production
techniques. This contrasts with current standard approach of
cutting flexures from metal (typically using electric discharge

TABLE II
NOISE OF THE MEMS FORCE-TORQUE SENSOR

AXIS NOISE
FX 22.0 mN
FY 18.7 mN
FZ 22.5 mN
MX 16.7 mN*m
MY 18.5 mN*m
MZ 4.43 mN*m
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Fig. 10. Commercial force-torque sensor alongside MEMS force torque
sensor during typical compound loading.

machining) and bonding strain gauges to them, an expensive
procedure.

During single-axis loading experiments, the MEMS sensor
was loaded past 10N with an R2 greater than 0.97 for Fz ,
Mx, My , and Mz and an R2 greater than 0.85 for Fx and
Fy . The error for Fx and Fy is larger at the extremes of the
loading range, suggesting the working range is smaller for
these axes as compared to the other axes. The MEMS sensors
were loaded up to 5N - 12N during compound loading with
an R2 greater than 0.90 for Fx and Fy and an R2 greater
than 0.98 for Fz , Mx, My , and Mz . The higher error in Fx

and Fy is likely due to cross-talk between these axes and
others during compound loading and the sensors flexing along
these axes during loading. This last issue could be solved by
stiffening the sensor along these axes. In fact, due to the nature
of the design of this sensor, many design parameters exist that
can be independently modified to tune the force sensitivity
and force range of the sensor based on need. Preliminary
prototypes with uninstrumented rubber blocks in parallel have
improved the range to hundreds of Newtons for single-DOF
units. An optimal design, including variations in materials and
geometries, is deferred to future work. Thermal variations do
impact the sensor, but they can be compensated down to within
5 counts.

The proposed force-torque sensor has advantages over
force-torque sensors currently in use in a number of appli-
cations. For example, force-torque sensors are currently used
in robot fingers to measure contact location and contact force
while other sensors are mounted to the wrist of robot arms
to improve manipulation in unstructured environments [14].
Commercial force sensors, though highly accurate with errors
smaller than 0.05%, are expensive and susceptible to overload
damage thus limiting their use for these applications [15].
With a bandwidth above 50 Hz, our sensor is a robust and
low-cost alternative, allowing it to be deployed more readily
for use where unexpected collisions are likely. Further, our
sensor outperforms other low-cost sensors, particularly for the
Fz , Mx, My , and Mz axes. The FSR-based design described
by Rikker et al. [9] showed errors up to 2.9% for single
axis loading. Similarly, a 6-axis force torque sensor using
piezoresistive load-sensing bridges showed errors for single-

axis loading between 3% and 4% for loads in Fx, Fy , and
Fz and errors between 5% and 10% for loads in Mz [16].
Finally, the fabrication of our sensor requires only off-the-
shelf components, making it both easily translatable to other
labs and customizable to a specific application.

B. Conclusion

This paper outlined the design of a 6DOF force torque
sensor from barometric sensors. The design is easy to fab-
ricate, low-cost, and robust. This provides useful behavior in
a niche that is unmet by current six-axis force-torque sensors
based on strain-gauges, as it is significantly lower cost and
better able to withstand high loads without failure. The sensors
could be further optimized to improve performance, and the
simple design lends itself to easy customization for different
applications. Both the sensitivity and the physical size of the
sensor can be tailored by choice of materials and variations in
the geometry of the sensor.
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