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Trenchless technology is a type of construction that requires pipelines to be laid in a subsurface horizontal hole drilled by a
trenchless drilling rig. To prevent drilling accidents during construction, the drilling trajectory needs to be controlled in real
time according to the value of the tool face angle. However, existing tool face angle sensors cannot precisely control a trenchless
drilling course due to a number of limitations such as low resolution, large temperature drift, and high requirements for
accurate installation. In this regard, this paper presented a new tool face angle sensor based on the change in electrical resistance
value. The tests mainly include four aspects, namely, accuracy, repeatability, resolution, and temperature drift. Numbers of tests
showed that the measurement error was ±6 degrees, the repeatability was 2.54%, the minimum resolution was 6 degrees, and the
temperature drift had no effect during the temperature changes from 0 to 80 degrees, which proved that the sensor is applicable
for practical trenchless working conditions.

1. Introduction

Trenchless technology is a technique involving drilling a
horizontal hole under the surface of the earth and then lay-
ing pipelines in the horizontal hole [1]. The equipment
used in trenchless technology mainly includes a trenchless
drilling rig, a drill bit, and numbers of drill pipes. The drill
pipe is clamped by the drilling rig (or rig for short) on the
earth’s surface and a number of drill pipes can be con-
nected together.

As shown in Figure 1(a), OA is the high side, OB is the
normal direction of the drill bit’s lip, and α is the high-side
tool face angle (called the tool face angle for short). During
trenchless construction, when the rig supplies the bit with
both forward force and rotary force, the bit is in a balanced
state of forces and moves straight ahead (as shown in
Figure 1(a)); therefore, the drilling trajectory is not affected
by the tool face angle. On the contrary, when the rig supplies
the bit with only forward force, the bit is not in a balanced
state of force because of the special structure of the bit’s lip,
which causes an inclination of the drilling trajectory (as

shown in Figure 1(b)); therefore, the drilling trajectory is
affected by the tool face angle [2, 3]. Hence, the tool face
angle must be measured and adjusted in real time to control
the drilling trajectory.

In general, a tool face angle sensor can be classified as
conductive, capacitive, photoelectric, or SINS type (strap-
down inertial navigation system) according to the working
principle [4–7]. However, these sensors cannot precisely con-
trol a trenchless drilling course due to a number of limita-
tions such as low resolution, insufficient precision, large
temperature drift, overlarge size, and high requirement for
accurate installation. Details of these sensors are given in
the following sections.

1.1. Conductive Tool Face Angle Sensor

1.1.1. Basic Principle. Figure 2 is a sketch map of a conductive
tool face angle sensor [4]. VCC stands for the positive pole of
the power while GND stands for the negative pole of the
power. The sensor consists of two coaxial cyclic structures,
and each of the cyclic structures is pasted with a conductive
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metal strip. One of the metal strips is a resistive layer. The
metal strip on the inner cyclic structure is continuous and
is connected to the GND while the metal strip on the outer
cyclic structure is not continuous and is connected to the
VCC. Inside the sensor, there is an amount of conductive liq-
uid that is always in the lower part of the chamber and the
liquid connects the metal strips of the VCC and GND. When
the tool face angle changes (i.e., when the sensor rotates), the
connecting position of the metal strips changes accordingly,
namely, the connecting length of the metal strips between
the VCC and GND changes. In other words, the total electri-
cal resistance of the circuit becomes different. Therefore, the
tool face angle can be measured founded on the change of the
electrical resistance.

1.1.2. Inadequacies. The conductivity of the liquid is greatly
affected by temperature, which will cause a large temperature
drift in the sensor and, therefore, results in a large measure-
ment error. Furthermore, the splashing and adhesion of the
liquid can easily lead to misinterpretation of the sensor. In
brief, this sensor has a big measurement error and is too sen-
sitive to temperature.

1.2. Capacitive Tool Face Angle Sensor

1.2.1. Basic Principle. A sketch map of a capacitive tool face
angle sensor is shown in Figure 3 [5]. VCC is the positive
power supply while the GND is the negative power supply.
As shown in Figure 3(a), the structure of the sensor is a sealed
cylindrical chamber that is pasted with electrodes on both
sides. One side of the chamber is pasted with a number of
electrodes which are all connected to the VCC (in general,
the number is 16), while the other side is completely covered
with one electrode connected to the GND. There is an
amount of liquid which is always in the lower part of the
chamber. Therefore, a number of capacitors are formed
between the positive and the negative electrodes. The posi-
tion of each capacitor can be numbered. When the tool face
angle changes, the capacitor values will change accordingly.
Therefore, the tool face angle can be measured based on the
change of the numbered capacitors.

1.2.2. Inadequacies. The medium of the capacitor in the sen-
sor is liquid, so the dielectric constant of the liquid is greatly
affected by temperature, which will cause a large temperature
drift in the sensor and, therefore, results in a large measure-
ment error. Meanwhile, the adhesion of the liquid can cause
interference among the capacitors, which will lead to misin-
terpretation of the sensor and result in a large measurement
error. Furthermore, capacitors on the same sensor can easily
interfere with each other when there are larger numbers of
capacitors. In most cases, the number of the capacitors is
small (generally, it is 16, so the minimum resolution is 360/
16 = 22 5 degrees). As the resolution of the sensor depends
directly on the number of capacitors, the resolution of the
sensor is generally low.

1.3. Photoelectric Tool Face Angle Sensor

1.3.1. Basic Principle. Figure 4 is a sketch map of a photoelec-
tric tool face angle sensor [6]. The structure of the sensor is a
sealed cylindrical chamber that is installed with luminescent
tubes on one side (generally installed with 12 luminous
diodes) and receiving tubes on the other. The light signals
sent from the luminescent tubes can be received by the
receiving tubes. There is a ball that rolls freely in the chamber
between the luminescent tubes and the receiving tubes, so it
is always at the bottom of the chamber. The position of each
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Figure 1: Sketch map of the controlling drilling trajectory by tool face angle. (a) Sketch map of the trenchless drilling construction when the
drilling trajectory is straight. (b) Sketch map of the trenchless drilling construction when the drilling trajectory is in inclination.
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Figure 2: Sketch map of a conductive tool face angle sensor.
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receiving tube can be numbered. When the tool face angle
changes, the light signal sent by the lowest luminescent tube
is blocked by the ball so that the value of the receiving tube
changes accordingly. Therefore, the tool face angle can be
measured based on the signals outputted by the numbered
receiving tube.

1.3.2. Inadequacies. The resolution of the sensor depends on
the number of luminescent tubes or receiving tubes. However,
as trenchless construction has limitations on size, the number
of luminescent tubes is generally small (in most cases, it is 12
or, in a few cases, 24, so the minimum resolution is 360/24
= 15 degrees). As a result, the resolution is low and the mea-
surement is not accurate because of the resolution.

1.4. Measurement of Tool Face Angle Based on SINS

1.4.1. Basic Principle. Strapdown inertial navigation system
(SINS) consists of a triaxial accelerometer and triaxial gyro-
scope (or triaxial electromagnetic gauge). By using the output

data of the triaxial accelerometer and the triaxial gyroscope,
any space attitude of an object (including the tool face angle,
velocity, acceleration, and angular velocity) can be deter-
mined through complex mathematical modeling and calcula-
tion [7].

1.4.2. Inadequacies. Strictly speaking, SINS is a measurement
system composed of a plurality of sensors arranged in space.
By now, the triaxial electromagnetic gauge of SINS has been
replaced by a triaxial gyroscope as it is extremely susceptible
to electromagnetic interference. Although SINS is accurate
and precise, it is not suitable for trenchless constructions
for the following reasons:

(1) A fiber-optic gyroscope is generally used as the tri-
axial gyroscope and its measurement accuracy is
positively related to its size. To ensure accurate
measurements, the size of the triaxial gyroscope is
generally large, which is also contradictory to the
small spatial size near the trenchless drilling bit
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Figure 3: Sketch map of a capacitive tool face angle sensor. (a) The overall structure of the sensor. (b) The circumferential distribution of the
electrodes.
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Figure 4: Sketch map of a photoelectric tool face angle sensor. (a) The structure of the sensor. (b) The circumferential distribution of the
luminescent tubes.
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(2) To calculate the tool face angle, triaxial accelerometers
and triaxial gyroscopes must be spatially arranged in a
certain pattern. Therefore, the sensor must be installed
accurately and precisely, which is difficult to realize in
trenchless constructions

(3) The triaxial gyroscope (fiber-optic gyroscope) is a
precise optical sensor that has high requirements
for vibration electrical resistance. However, the work-
ing conditions during trenchless construction are
extremely complex and harsh where the require-
ments for vibration electrical resistance cannot be
guaranteed

(4) Temperature drift in a triaxial gyroscope is large and
is still an unsolved problem, though a number of
researchers have carried out studies of algorithms to
treat temperature drift [8–10]

(5) Due to the Faraday magneto-optic effect, the polari-
zation plane of the light in the triaxial gyroscope
will rotate [11]. As a result, the gyroscope can still
be affected by electromagnetic interference. In most
trenchless constructions, however, there is extra-
high-voltage cables that can generate great electro-
magnetic interference

1.5. Analysis of Existing Sensors. In conclusion, existing sen-
sors cannot precisely control a trenchless drilling course

due to a number of limitations such as low resolution, insuf-
ficient precision, large temperature drift, overlarge size, and
high requirement for accurate installation. To be specific,
for the conductive tool face angle sensor, the measurement
error is large due to the large temperature drift and the
splashing and adhesion of the liquid. For the capacitive tool
face angle sensor, the measurement error is also large because
of the large temperature drift and the splashing and adhesion
of the liquid. Additionally, the resolution of the sensor is too
low (only 22.5°). For the photoelectric tool face angle sensor,
the resolution is too low (only 15°). Strictly speaking, SINS is
not a sensor. It is not suitable for trenchless constructions
because of a number of limitations such as overlarge size,
high requirements for both accurate installation and work-
ing conditions, and temperature drift. In this regard, a new
tool face angle sensor was designed in this article on the
basis of practical working conditions. The sensor could mea-
sure the tool face angle through the change of electrical resis-
tance values. Compared to existing sensors (excluding the
SINS-based sensor), this sensor is more suitable for tren-
chless constructions as it has a higher resolution and suffi-
cient precision as well as effectively solving the problem of
temperature drift.

2. Basic Principle of the Designed Sensor

2.1. Basic Principle. Figure 5 is the sketch map of the designed
sensor’s structure. VCC is connected to the positive pole of
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Figure 5: Structure of the sensor. (a) Basic components, (b) connection of the electrodes, and (c) detailed connection of the electrical
resistances.
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the power supply while GND is connected to the negative
pole of the power supply. As shown in Figure 5(a), a circular
channel is formed by the inner and the outer snap rings
where there is a cylindrical metal contact spike that could
roll freely in the channel. As shown in Figure 5(b), there
are 60 grooves in the channel and electrode A is pasted on
one side of the groove and electrode B on the other side.
As shown in Figure 5(c), below each electrode A, there is
an electrical resistance R1 and a string is formed by all of
the electrical resistances R1 that are connected in series.
The ends of the string of the electrical resistance are not con-
nected together and one end of the string is connected to the
VCC. Electrode B is connected to the GND. Given that the
current flows starting from the VCC and pass through the
resistances string,the electrode A, the contact spike, the elec-
trode B, and then connected to the GND, thereby forming a
current loop.

The inner surface of the outer snap ring is arc shaped (as
shown in Figure 5(c)), so that when the tool face angle
changes, the contact spike will fall along the channel to the
lowest point on the arc-shaped surface under the force of
gravity. As a result, the number of the electrical resistances
in the circuit will also change. That is to say, the total electri-
cal resistance value in the circuit will change. Therefore, the
tool face angle could be measured according to the mathe-
matical relation between the total electrical resistance value
and the tool face angle.

2.2. Key Performance Indexes. From the working principle of
the sensor, we can see that the value of the measured tool face
angle is positively related to the total electrical resistance
value in the circuit, then the tool face angle can be expressed
as follows:

ϕ = 6R − R0 − R1
R1

= 6
R − R0 1 + αR0

t2 − t1 − R1 1 + αR1
t2 − t1

R1 1 + αR1
t2 − t1

,
1

where ϕ is the tool face angle; R is the total electrical resis-
tance value between the VCC and GND; R0 is the electrical

resistance value of the contact spike; R1 is the value of a single
electrical resistance below electrode A; αR0

is the temperature
coefficient of electrical resistance R0; αR1

is the temperature
coefficient of electrical resistance R1; and t2 − t1 is the work-
ing time of the sensor.

In expression ((1)), the value of R can be measured in
real time through the hardware circuit; R0, R1, αR0

, and
αR1

are constants that need to be determined for designing
the sensor.

In the actual measurement circuit, the value of R is
obtained by measuring the current of the circuit, so expres-
sion ((1)) can also been expressed as follows:

ϕ = 6R − R0 − R1
R1

= 6 E − IR0 − IR1
IR1

, 2

where E is the supply voltage of the circuit and I is the mea-
sured current of the circuit.

2.2.1. Minimum Resolution. For the designed sensor, there
are 60 electrical resistances in total that are uniformly pasted
on the outer snap ring, so the sensor’s minimum resolution
can be calculated directly by

AR =
360
n

= 360
60 = 6°, 3

where AR is the minimum resolution of the sensor and n is
the number of electrical resistance (R1) between the VCC
and GND.

2.2.2. Key Dimension Parameters. As shown in Figure 6, in
ideal conditions, if the tool face angle changes at the rate of
the minimum resolution, then the contact spike moves on
the outer snap ring from point A to point A2. During this
process, the contact spike decelerates to point A1 under the
action of gravitational potential energy. So, when the velocity
of the contact spike at point A1 is greater than zero, the sen-
sor can achieve the desired function.
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Figure 6: Forces acting on the contact spike when the tool face angle changes.
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Now, we analyze the forces on the contact spike at point
A1 based on the energy conservation law illustrated in

EG =Wf + Ev, 4

where EG is the gravitational potential energy of the contact
spike, Wf is the work done by friction, and Ev is the kinetic
energy of the contact spike at point A1.

The expressions as shown in Table 1 can be obtained by
resolving the forces in Figure 6.

m is the mass of the contact spike; g is the gravitational
constant; f is the friction; v is the velocity of the contact spike
at A1; G is the gravity; G1 is the component force of G; N is
the supporting force; and μ is the friction coefficient.

From expressions (4) through (vi) we have

v = 2g h − μs ⋅ cos θ > 0⟹ h > μs, 5

where v is the velocity of the contact spike at A1.
In this design, h = 0 43mm, s = 2 53mm, and μ = 0 08

(the contact spike is made of copper; the outer snap ring is
made of polytetrafluoroethylene and is also lubricated. The
data were measured by CF-02 produced by Chen Rui Intelli-
gent Equipment Co., Ltd.).

2.2.3. Key Circuit Parameters. As can be known from
expression (1), parameters for designing the circuit are
mainly R0, R1, αR0

, and αR1
. Here, we further discuss and ana-

lyze these parameters.
The contact spike is equivalently a conductor and its tem-

perature drift should be as small as possible. So, we select the
copper to make the contact spike and the measured value of
electrical resistance R0 was about 0 03Ω.

To reduce the temperature drift of R1, R1 should be a pre-
cise electrical resistance with a small temperature coefficient.
In this article, we select R1 = 100Ω (VTA56, VPG Co., Ltd).

The operating temperature range of the designed sensor
was –20°C to 80°C. In this temperature range, the maximum
variation of R0 is 0 0118Ω and R1 is 0 002Ω. So, the temper-
ature will not influence the accuracy of the designed sensor.

3. Tests

3.1. Test Equipment. A standard angular measuring platform
and a water bath were used to test the measurement error and
temperature drift of the sensor. The standard angular mea-

suring platform could realize the rotation of the tool face
angle within the range of 0–360 degrees with the resolu-
tion of 1 degree. The water bath could precisely control the
temperature of the water within 0–100°C with the resolution
of 1°C.

3.2. Test Procedure. The sensor was fixed to the angular mea-
suring platform and then put into the water bath after being
sealed. By adjusting the tool face angle of the platform and
the temperature of the water bath, the tests were divided into
two groups. One was in the same temperature, by adjusting
the tool face angle (0-360°) of the platform to test the measur-
ing error (called test 1 for short), the other was in the same
tool face angle, by adjusting the temperature (from room
temperature to 80°C) of the water bath to test the tempera-
ture draft (called test 2 for short). In the above two kinds of
tests, each test time was 1 hour and the times of tests was
20 times repeatedly.

3.3. Test Results. The data outputted from the sensor were
named as the “measured value” and the data read from
the platform were named as “standard value.” Figure 7(a)
illustrates a photograph of the sensor. Figure 7(b) illus-
trates one of the test results of “test 1” which contained
the maximum error and Figure 7(c) illustrates one of the
test results of “test 1” which contained the maximum repeat-
ability. In Figures 7(b) and 7(c), the abscissa is the standard
tool face angle (°) while the ordinate is the measured tool
face angle (°). Emax is the maximum measurement error
and σmax is the maximum deviation. Figure 7(d) illustrates
one of the test results of “test 2” which contained the max-
imum temperature draft (the tool face angle is 150°). The
abscissa is the test temperature (°C) while the ordinate is
the tool face angle (°).

It can be concluded from Figure 7 that

(1) From Figure 7(b), we can obtain the following con-
clusions. (a) The maximum error of the sensor is ±
6° (Emax = 6), the curve of the measured values as
“step-shaped,” and most of the measured values are
smaller than the standard values. The reason is that
the minimum resolution of the sensor was 6°. When
the tool face angle is changed a little (less than 6°),
the output of the sensor remained the same due to
the force of the sensor groove structure, thereby caus-
ing that the measured value is smaller than the stan-
dard value. (b) Some measured values are larger than
the standard values. The reason is that the minimum
resolution of the sensor is 6°. When the tool face
angle is changed greatly (greater than 6°), the output
of the sensor increased by 6°, thereby causing that the
measured value is greater than or equal to the stan-
dard value. In addition, the structure of the sensor
can also cause it. The reason is that there is a rolling
contact in the structure of the sensor. So when the
contact is poor, the resistance value of the measuring
circuit is slightly increased. Because the resistance
value is proportional to the tool face angle value,
the measured values are slightly larger than the

Table 1: Expressions for resolving the forces of Figure 6.

Expressions Expression no. Explanation

EG =mgh (i) Gravitational potential energy

Wf = f s (ii) Friction work

Ev = 1/2mv2 (iii) Kinetic energy

N =G1 (iv) Supporting force

G1 = G cos θ (v) Component force of gravity

f =Nμ (vi) Friction
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standard values. (c) Point A showed that the position
when the tool face angle is 0° is the same as the posi-
tion when the tool face angle is 360°. This is why the
measured value is 0°, but the corresponding standard
value is 360°

(2) From Figures 7(c) and 7(d), we can obtain the follow-
ing conclusions. As shown in Figure 7(c), the maxi-
mum deviation of the sensor is 4° (σmax = 4). By
substituting the average deviation (the average devia-
tion is 3.05) into the sensor repeatability formula, we
can obtain that the repeatability of the sensor is
2.54%. As shown in Figure 7(d), the output of the
sensor will increase with the temperature increasing,
and the measured values are greater than the stan-
dard values. The reason is the resistance of the sensor
increased with the temperature increased, which
lead to a proportional increase in the output value
of the sensor. But the effect of temperature on the
sensor’s measurement accuracy can be neglected.
In other words, there is almost no temperature drift
in the sensor

(3) It can be known from expressions (1) and (2) that the
measured tool face angel is proportional to the mea-
sured electrical resistance. Therefore, the ordinate of
Figure 7(b) can also be converted into the measured
electrical resistance when multiplied by the corre-
sponding coefficient, that is, the shape of the curve
shown in Figure 7(b) can also represent the relation-
ship (in which the abscissa is the standard tool face
angle and the ordinate is the measured electrical
resistance)

4. Conclusions

(1) Aiming to better adapt to the trenchless construction
environment, this article presentes a new tool face angle sen-
sor based on the change of the electrical resistance value. Rel-
evant tests shown that the minimum resolution of the sensor
is 6°, which is much better than that of existing sensors; the
measurement error of the sensor is ±6°, which is mainly
caused by the resolution of the sensor; and the repeatability
is 2.54%. (2) Numbers of tests have shown that the electrical
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resistance value increased as the temperature increased, and
which results in a slight increase in the sensor output. But
thanks to the use of precision temperature-resistant drift
resistors, this increase has little effect on the measurement
accuracy and is almost negligible. That is to say, no tempera-
ture drift is nearly in the sensor. (3) The structural design and
the rolling conduction method of the sensor result in the
measurement curve similar to a “step-shaped” rather than a
complete line, which will lead to measurement errors. In fur-
ther research, the way to further reduce the measurement
error is to change the structure design and the conduction
method of the sensor.
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