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Abstract — In this work, an accurate, low-cost electronic
angle-meter is designed, manufactured and metrologi-
cally characterized. The idea at the basis of the pro-
posed electronic goniometer is to transduce the me-
chanical rotation into the variation of an electrical
quantity, namely a resistance. Then, such a variation
can be easily measured through a low-cost multimeter
used as an ohmmeter.

The metrological characterization of the prototype
demonstrated that the proposed system can achieve an
uncertainty as low as 1° with costs of an order of magni-
tude lower than devices currently available on the mar-
ket.

In practical applications, this device can be used for the
metrological characterization of heading instrumenta-
tion thanks to an isolated rotating plate on which sev-
eral devices can be placed.

Keyword - Low-cost instrumentation, electronic go-
niometer, metrological characterization, heading.

I. INTRODUCTION

Angle measurements are required in many applica-
tions, such as inertial and measurements unit calibration
[1], diffractometer measurements [2], posturology medical
studies [3, 4], etc. Several rotation measurements systems
are currently available on the market.

A broad classification includes two types of devices: elec-
trogoniometers and rotation stages. The former are espe-
cially used in two fields, namely the study of human pos-
turology [5] and small angles detecting systems (e.g., the
pitch of naval models in tanks). One of the downsides of
electrogoniometers is that, in spite of their accuracy, they
are not designed to withstand external loads.

As for the rotation stages, they are mostly used in the op-
tical field for the alignment of optical systems (e.g., laser
beams or lenses in laser applications). Generally, rotation
stages are mechanical systems, able to carry heavy objects
[6, 7, 8].

The problem with these commercial devices is related
to their high cost [9]; in particular, rotation stages are con-
siderably expensive. On the other hand, less-expensive

solutions limit the weight of the object that must rotate
with the structure. In the literature, several works have
addressed the characterization of such devices; however,
none of them has considered the costs that are typically
associated with this type of instrumentation.

Starting from these considerations, in this work, a low-
cost angle-meter based on resistance measurements is pre-
sented. The idea at the basis of the proposed electronic
goniometer is to transduce the mechanical rotation into the
variation of an electrical quantity, namely a resistance vari-
ation. The proposed system was practically implemented
and characterized metrologically. As detailed in the fol-
lowing, the obtained results demonstrate that the proposed
system allows to achieve accuracy specifications compa-
rable to those of similar products on the market, but with
much lower costs (tens of euros against hundreds of euros).

The present work is organized as follows. In Section II,
the design of the proposed prototype is described in de-
tail. The section also addresses the fabrication of the angle
meter and the methods for calibration and use. Section III
reports the results of the metrological characterization of
the device. Finally, in Section IV, conclusions are drawn.

II. MATERIALS AND METHODS

A. Design of the angle meter

The proposed system consists of two major components:
the mechanical and the electrical one. The mechanical
part includes the rotation plate and the stopper mechanism.
The electrical parts include the linear rotative precision po-
tentiometer. The conceptual architecture of the system is
shown in Fig. 1. A screw rigidly blocks the plate on the po-
tentiometer shaft and a mechanical support rigidly houses
the potentiometer. The weight of the object mounted on
the plate is unloaded on the mechanical support. In this
way, the plate can rotate freely and along with the poten-
tiometer shaft. The aim of the mechanical stopper is to fix
the rotative plate into a known position and angle.

An angle plate rotation corresponds exactly to a 6 poten-
tiometer rotation (1:1 coupling ratio). Using an inverse cal-
ibration method, the measured resistance depends linearly
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Fig. 1. The low-cost heading-meter principle schematiza-
tion. The rotative plate (a), the rotation mechanic stopper
(b), and the precision potentiometer (c).

(a) Plate

(b) Cylinder

Fig. 2. Mechanical manufacturing of cylinder and plate

on rotation. Hence, the mechanical rotation is directly re-
lated to the resistance variation. These variations can be
measured through commercial, low-cost multimeters used
as ohmmeter.

B.  Manufacturing of the cylinder and plate

A plate and a hollow cylinder were made of Teflon (to
ensure light weight) with a lathe machining before and a
milling cutter after. Fig. 2a and Fig. 2b show the manufac-
turing of plate and of the cylinder, respectively. Cuts with a
5° steps were made on the plate (Fig. 2a); the cuts serve the
purpose of blocking the plate into a fixed known position.
If necessary (for example, for mounting a heavy object),
Teflon can be replaced with a more resistant material.

The center of the plate was keyed to the shaft of the lin-
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Fig. 3. Picture of the fabricated electronic goniometer pro-
totype. The plate can be rotated clockwise and anticlock-
wise. Arbitrary heading angle can be chosen for the mea-
surements.

ear rotative potentiometer, by three small steel screws. The
potentiometer was housed in the teflon cylinder and fixed
in it. This allows to make the system mechanically stable
and to limit the effect of possible angular torsions.

In the assembly, particular care was taken to verify that the
shaft center coincided with the center of the plate. The
plate joint with the potentiometer shaft could rotate by an
angle at user’s will. In this way, only the plate (and there-
fore the potentiometer’s shaft) could rotate by an estimated
angle during the measurements.

Fig. 3 shows a picture of the prototype. The poten-
tiometer is a ten-turn linear precision potentiometer of
2 k2 +5 % resistance, and with a 0.23 % linearity (Bourns
3590S-2-202L [10]). The cost is approximately 10 euros.

C. Methods

To calibrate the angle meter, a two-step, inverse calibra-
tion procedure was carried out.

The first step of the procedure consists in the initial cal-
ibration and is used to evaluate the two coefficients (offset
« and gain f3) of the linear model, as shown in Fig. 4. This
first step involves a complete rotation of the plate between
0° and 360°.

This rotation corresponds to the change in resistance of
the potentiometer in a range [min, max] {2 which is mea-
sured through the ohmmeter. By exploiting the linearity of
the potentiometer, the coefficients that relate the resistance
variation to the angle variation are obtained. This proce-
dure can be carried out just once, and it must be repeated
only if the plate or potentiometer are replaced.

In the second step, the inverse calibration model is ex-
ploited. For any (unknown) angle rotation, the correspond-
ing resistance is measured and used to evaluate the angle
rotation, as shown in Fig. 5.

In practice, once the object is positioned on the plate,
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Fig. 4. First step of the inverse calibration.
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Fig. 5. Second step of the inverse calibration.

the desired rotation is performed. Through the coefficients
calculated in the first step of the procedure, the measured
resistance value can be used to infer the angle measure-
ment.

III. EXPERIMENTAL RESULTS

The first step of the experimental characterization was

the evaluation of the coefficients of the inverse calibration
model.
In the developed prototype, the mechanical angle measure-
ments system was characterized using an automatic test
equipment based on the multimeter Agilent 34401A used
as ohmmeter. Fig. 6 shows a picture of the Automatic Test
Equipment used for the measurements. A LabView® soft-
ware was developed to control the ohmmeter via IEEE 488
interface. For each 5° step-rotation of the plate, 32 resis-
tance measurements were carried out.

The x? test for gaussianity verification was applied. The

gaussianity test resulted positive for all measured points.
Fig. 7 shows the results for the [-30,+30]° range.
Starting from these measurements, a type A evaluation of
uncertainty was carried out. Additionally, using the accu-
racy specifications provided by the ohmmeter’s manufac-
turer [11], a type B evaluation was carried out. Expanded
combined uncertainty with a coverage factor £k = 2 [12]
was chosen and the procedure was repeated 72 times to re-
solve the entire circumference. Successively, the mean, the
standard deviation, and the variance were used to check
the linearity of the estimated model thanks to the Fisher-
Snedecor test, which was positive.

The g and « coefficients thus evaluated are used to ob-
tain the measurement of any rotation angle from a single
resistance measurement.

Fig. 6. Picture of the measurement station.
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Fig. 7. Relative Occurrence Histogram in the [-30,+30]°
range

The positioning error on the plate circumference is J, =
(1.0£0.1) [mm]. The positioning error and its uncertainty
affect the plate angle error and the uncertainty of system.
The angle error depends on the diameter of the plate (d)
and positioning uncertainty. The value of d, measured by
means of a caliper, is (162.5 £ 0.1) [mm]. The angular er-
ror can be easily evaluated through the following equation:

1)
€angle = 2 arcsin (ﬁ)

Applying the law of propagations of uncertainty in indi-
rect measurements (worst case approach), the angle error
is €angle = (0.70 £ 0.06) [°], with a 5° resolution. As
aforementioned, the evaluated gain (3) and offset («) co-
efficients, were used to obtain the measurement of any ro-
tation angle from a single resistance measurement. Using

(D
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the linear regression model the measured angle can be ob-

tained from the resistance measurements through the fol-

lowing equation:

R -«
B

where ¢ is the angle’s estimation;c is the offset; 3 the
gain; and R is the measured resistance.

¢ =

2

The resistance values (corresponding to angle val-

ues) were first measured through a benchtop multimeter
(HP 34401A) and the calibration curve was obtained.
To verify the robustness of the proposed system, the mea-
surement procedure was carried out also through two inex-
pensive, commercial multimeters: the VC9205N and the
DT830D.
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* VC9206N
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Fig. 8. Comparison of the linearity obtained using low-
cost multimeters (DT830D and VC9205N) and a benchtop
HP34401A multimeter.

Fig. 8 shows the results of the measurements of resis-

tance obtained through the three multimeters with their un-
certainty intervals. It can be seen that the results from the
multimeters are compatible.
In Fig. 9, the measurements of angle, with their uncer-
tainty, are reported. The evaluation of uncertainty for the
commercial tester DT830D and VC9205N is based on the
resolution of the multimeters (0.1 ) for this full-scale
range.

As shown in Table 1, the uncertainty depends more on
the position of plate’s cursor, rather than on the measure-
ments of resistance made through the low-cost multime-
ters. It depends on the metrological characteristics of the
low-cost linear potentiometer used.

To asses the behavior of the prototype in presence of
loads positioned on the plate, two weights in steel and brass
for a total of (0.66 = 0.01) [kg] were added, as shown in
Fig. 10.
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Fig. 9. Angle measurements comparison.

Table 1. Values of o and [ coefficient and of the angle
uncertainty for the three considered multimeters

DT830D VC9205N HP34401A

o = offset [] 0.648 0268 0.125
B=gain [2-] 0552 0557 0.561
Uncertainty [deg] 0.2 0.2 0.001

When adding the weight, it is important to pay close at-
tention to the positioning of the load on the plate’s cen-
ter, to avoid misalignments and bends of the shaft. This
effect called in literature, "swash effect" (as described in
[13]) occurs when the plate is mounted concentrically with
the potentiometer shaft, but has its geometric axis inclined
with respect to the axis of rotation (see Fig. 11).

Fig. 10. The device with a weight of 0.66 kg.

This effect imparts a once per-revolution sinusoidal ax-
ial motion to the periphery of the shaft potentiometer caus-
ing an error in the nominal linearity of the potentiometer.



Fig. 11. Swash effect.

This error can be considered negligible if the rotation is
limited within a single turn angle.

360 1 =

320 | e
_2m0f =
& 3
@ 2
D240 | =
= z
) =
c 200°F -
{ -'.
8 160 | =
c -
5 =
5 120} =
O -
= 3

80} <

£z 1 DT830D
o= 1 vco20sN
- 1 HP34401A
ol i i :
(] 40 80 120 160 200 240 280 320 360

Estimated Angle [deg]

Fig. 12. Angle measurements comparison with a weight of

0.66 kg.

To demonstrate this, a new measurement campaign was
carried out, this time placing a load of 0.66 kg on the plate
and the results are shown in Fig.12

To verify that the behavior of the instruments was sim-
ilar, the Bland-Altman test were performed, using the
HP34401A as a "gold reference" as shown in Figures 13
and 14.

IV. CONCLUSIONS

A low-cost device for measuring angles was designed,
manufactured and metrologically characterized. The de-
vice is based on transducing the mechanical rotation into
a variation of electrical resistance. The resistance values
(corresponding to different angle values) were first mea-
sured through a benchtop multimeter and the calibration
curve was obtained. To verify the robustness of the pro-
posed system, resistance measurements were carried out
also through two inexpensive multimeters. The results ob-
tained, thanks also to comparative tests (such as the Bland-
Altman test) show that the proposed device guarantees an
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Fig. 13. DT830D-HP34401A Bland Altman test.
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Fig. 14. VC9205N-HP34401A Bland Altman test.
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accuracy performance comparable with other, more-costly
commercial devices.

ACKNOWLEDGMENT

The Authors would like to thank Mr. Gennaro Stingo
and Mr. Giuseppe lovino of Department of Industrial En-
gineering (University of Naples Federico II) for the me-
chanical manufacturing of the prototype.

REFERENCES

[1] L.Taylor, E. Miller, and K.R. Kaufman. "Static and
dynamic validation of inertial measurement units."
Gait & posture 57 (2017): 80-84.

[2] P.Arpaia et al. "Modeling and metrological analysis
of an X-ray diffractometer for crystal-assisted col-
limation in particle accelerator." Journal of Physics:
Conference Series. Vol. 1065. No. 7. IOP Publishing,
2018

[3] H. Christensen, "Precision and accuracy of an elec-
trogoniometer." Journal of manipulative and physio-
logical therapeutics 22.1 (1999): 10-14.

[4] A.Shiratsu,H. J. C. G.Coury. "Reliability and accu-

358

racy of different sensors of a flexible electrogoniome-
ter." Clinical Biomechanics 18.7 (2003): 682-684.
[5] Biometrics, "Electrogoniometers”,
http://www.biometricsltd.com/goniometer.htm
[6] Standa, "Micro Stages  Catalog",
http://www.standa.lt.
[7] SmarAct, "A Hexapod-like Positioning System",
http://www.smaract.com.
[8] Physik Instrumente, "Rotation
https://www.physikinstrumente.com.
[9] Sosin M. et al. "Design and Study on a 5 Degree-of-
freedom Adjustment Platform for CLIC Drive Beam
Quadrupoles." (2014): TUPRI09S.
[10] Bourns, "3590 precision Potentiometer Datasheet",
https://www.bourns.com/pdfs/3590.pdf.
[11] Agilent, "Agilent 34401 A Multimeter User’s Guide",
pp-216-218.
[12] BIPM, "Guide to the expression of uncertainty in
measurement”, 2008.
[13] Billingsley, J., A. Ellin, and G. Dolsak. "The design
and application of rotary encoders." Sensor Review,
2008.

Rotation

Stages",



