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Abstract: This paper presents a robotic control system for an industrial drill jumbo with
one articulated arm, developed for the AMV ZETA X boom, aiming to enhance the accuracy,
efficiency, and safety of drill-and-blast tunneling operations. The system combines a Product-of-
Exponentials forward kinematics model with a Newton-Raphson numerical inverse kinematics
solver to compute joint configurations for a 6-DOF manipulator. Time-optimal joint trajectories
are generated using ROS2/Movelt2, and are tracked by PID controllers acting on the hydraulic
actuators. The seventh joint, a feeder telescope, is controlled separately to establish and maintain
contact with the rock face during drilling. The complete control algorithm autonomously
executes a given digital drill plan, moving the 7-DOF manipulator from the current blast hole
to the next and drilling each hole to its specified depth. The control system was experimentally
validated in full-scale tests in Flekkefjord, Norway, and the Traelen mine, Norway, where multiple
blast holes were drilled autonomously, achieving an average drilled hole accuracy of 4.6 cm and
19.1 cm, respectively. These results represent the first full-scale demonstration of numerical
inverse-kinematics-based automatic control for drill jumbos and demonstrate the feasibility of
the approach, marking an important step toward fully autonomous underground drilling rigs.
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1. INTRODUCTION
1.1 Motivation

The increased global demand for raw materials, coupled
with the depletion of shallow mineral deposits, forces ex-
ploitation of raw materials at greater depths (Wagner,
2019). This promotes autonomous and remote-controlled
operations. Exploitation at greater depths introduces de-
manding operating conditions, primarily elevated rock
stress and higher ambient temperatures.

The implementation of autonomous solutions in the
drilling operation may also significantly increase both ac-
curacy and efficiency. According to Mancini et al. (1996),
drilling accuracy is the most important factor influencing
the quality and cost of tunneling. Two metrics determine
the quality of a blast round: advancement efficiency and
overbreak. The former is defined as the ratio of the actual
advance per blast round to the designed advance. The
latter is the average thickness of rock removed beyond the
designed tunnel profile. Mancini et al. (1996) compared
direct manual joint control with automatic computerized
control. The results indicate that automatic control can
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reduce overbreak by a factor of three and increase the
advancement efficiency by five percentage points compared
to manual control.

In addition to accuracy, the cycle time required to drill a
full blast round is crucial for reducing cost. This duration
is influenced by the time required to move the manipulator
between holes and by whether the drill plan is executed in
an optimal sequence. Li et al. (2023) presents an algorithm
capable of reducing the travel distance of the manipulator
when executing an entire drill plan by 35% compared to
traditional traversal methods.

The conventional operation of the drill jumbo in Figure
1 is based on manual control. By introducing a robotic
control system executing the drill plan autonomously, it
is anticipated that the accuracy, efficiency, and safety
of the drilling operation will be enhanced. For AMV,
the development of this control system will represent a
significant technological step toward the objective of a fully
autonomous drill jumbo.

1.2 The current state-of-the-art

While several major manufacturers worldwide produce
drill jumbos, and although the industry trend is toward
increased robotization, the control algorithms in these
commercial solutions are typically proprietary and not
publicly disclosed.
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Fig. 1. AMV drill jumbo with one articulated arm.

Autonomous drilling has received increasing attention also
in the research community in recent years, and several
studies have focused on developing forward and inverse
kinematics algorithms for drill jumbos. Some of these also
include automatic control sequences and provide simula-
tion results. Forward kinematics solutions based on ei-
ther Denavit-Hartenberg or screw-theoretic formulations
have been proposed for different drill-rig configurations;
Wang et al. (2014) extend the work of Jiang and Ahmed
(2014) and investigate a forward kinematics approach us-
ing successive screw displacements. They also present an
analytical inverse kinematics solution and an automatic
drilling procedure, supported by simulation results. Cui
et al. (2025) and Ho and Jianchi (1986) use the Denavit-
Hartenberg convention for forward kinematics and also
provide analytical inverse kinematics solutions. In con-
trast, Fink et al. (1996) describe a Cartesian control sys-
tem for a redundant twin-boom rig, based on velocity
kinematics and discuss manual and automatic control, but
do not present either simulation or experimental results.
Despite these efforts, existing research thus presents two
significant limitations: 1) Most prior work relies on analyti-
cal inverse kinematics, which may be challenging to extend
to manipulators with complex geometries, or hydraulic
actuation characteristics. The AMV 7-DOF drill arm is
both geometrically complex and hydraulically actuated.
2) The literature lacks full-scale validation of automatic
drilling systems, with the majority of studies evaluated
through simulations rather than real-world experiments.

This article investigates two algorithms that are suit-
able for complex manipulator geometries; the Product-of-
Exponentials (PoE) forward kinematics method and the
numerical Newton-Raphson inverse kinematics method.
These algorithms are applied here to the AMYV drill jumbo,
but can also be readily adapted for other machines. The
PoE method is similar to the successive screw displace-
ments technique used by Wang et al. (2014). Notably, to
the authors’ knowledge, a numerical inverse kinematics
solver has not previously been applied to drill jumbos.
In addition, this work introduces an automatic control
algorithm, validated by full-scale testing. The algorithm is
related to the procedure in Wang et al. (2014). However,
the algorithm presented in this work is more detailed
and differs in that the seventh (feeder telescope) joint is
excluded from the trajectory generation and is instead con-
trolled separately. To the authors’ knowledge, no previous
research has presented full-scale testing of an automatic
control algorithm based on numerical inverse kinematics.

In summary, this article makes the following contributions:

e Numerical inverse kinematics for drill jumbos:
A Newton—Raphson inverse kinematics solver is ap-
plied to the AMV drill jumbo.

e Automatic control algorithm with joint-level
separation: An automatic control algorithm inte-
grating numerical IK, trajectory generation, and hy-
draulic PID control is developed. The seventh (feeder
telescope) joint is treated separately from the trajec-
tory generation to account for the specific require-
ments of the drilling process, resulting in a more
detailed and practically applicable control structure
than in prior work such as Wang et al. (2014).

e First full-scale experimental validation of nu-
merical IK—based autonomous drilling: The
proposed control system is validated in full-scale tests
in Flekkefjord, Norway and in the Traelen mine,
Norway. To the authors’ knowledge, no previous re-
search has reported full-scale testing of an automatic
drilling system based on a numerical inverse kinemat-
ics solver.

2. THE AMV DRILL JUMBO

The drill jumbo manufactured by AMV is shown in Figure
1. The chassis integrates an operator cabin and one artic-
ulated arm. The drilling arm assembly, seen in Figure 2, is
composed of two main parts, the boom and the feeder. The
7-DOF manipulator is actuated through the seven joints
listed in Table 1, where the joint index, name, type, axis of
rotation/translation, corresponding coordinate frame and
symbol are given.

Table 1. Manipulator joints.

Joint Name Type Axis  Frame Symbol
1 Boom slew Revolute 7 Fbs 01
2 Boom lift Revolute v Fui 02
3 Boom telescope  Prismatic X N 03
4 Feeder rotation Revolute X Va fr 04
5 Feeder lift Revolute y Fa 05
6 Feeder slew Revolute z Fis Os
7 Feeder telescope  Prismatic X Fpt 07

Figure 2 illustrates the home configuration of the manipu-
lator. The positive directions of the x-, y-, and z-axes are
defined as forward, leftward, and upward, respectively.

The kinematic structure of the manipulator is defined as
the serial kinematic chain from the boom slew joint to
the feeder slew joint. The feeder telescope joint is mainly
used to establish contact with the face prior to drilling.
Consequently, this joint is excluded from the 6-DOF model
investigated for the inverse kinematics.

3. FORWARD KINEMATICS

For the AMYV drill jumbo the space frame Fy is located at
the ground, between the stabilizer legs, and represents the
fixed world frame. For the 6-DOF manipulator, the body
frame Fp coincides with the end-effector; the feeder slew
frame F,.

The forward kinematics determine the pose of the end-
effector by utilizing the joint measurements and the ge-
ometry of the manipulator. Both the Denavit-Hartenberg
convention (Spong et al., 2006) and the Product-of-
Exponentials (PoE) approach (Lynch and Park, 2017)
were considered for the forward kinematics problem. The
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Fig. 2. Zeta X design. The manipulator consists of the boom and the feeder.

PoE method was deployed, due to its advantages when
modeling complex manipulator geometries. As presented
by Lynch and Park (2017), the Product-of-Exponentials
formula for an n-joint serial manipulator is expressed as:

T(9) = elS1101 01852102 | [Snl0n g (1)

Here, T(0) € SE(3) is the end-effector configuration,
M € SE(3) is the home configuration, and S; € R® and
0; € R correspond to the i-th screw axis and joint variable,
respectively, expressed in the space frame Fs.

The matrix exponential elSi%  the screw axes S;, and
the home configuration M in (1) are computed according
to Lynch and Park (2017). The screw axes and home
configuration are shown in Appendix A.

4. INVERSE KINEMATICS

An inverse kinematics solver computes the joint target
configuration 6;, required to align the end-effector with
a target pose Thole € SE(3). For the 6-DOF manipulator,
this problem is solved by utilizing an iterative Newton-
Raphson algorithm, following Lynch and Park (2017).

The target pose Thole is computed based on the entry
(21,y1,21) and end (x2,y2, 22) coordinates of the current
drill hole, provided by the drill plan.

The Newton-Raphson method is fed with an initial joint
guess 0y € R®, and subsequently improves this estimate to
minimize the error between the current end-effector pose
T(0;), and the target pose Thole- The error is expressed as
the spatial twist

Vs = m : (2)

required to move the manipulator from T(6;) to the
constant Thole. The twist Vs € RS, and twist components
ws € R3 and v, € R? are expressed in the space frame F.
The algorithm terminates when the twist components w
and v are bounded by predefined tolerances:

llws|] < ew, (3)

[lvs| < €. (4)

The iterative Newton-Raphson algorithm is written as

Oiy1 = 0; + J7H(0:)Vs, (5)
where 0; € R® and 6;,; € RS are the joint configuration
at the current and next iteration, respectively. J;1(6;) €
R5%6 is the inverse Jacobian matrix expressed in the space
frame F.

4.1 Calculation of the spatial twist Vs

For every iteration ¢, the pose error is calculated as

Terror(ai) = T_l(ei)Tholea (6)
where the end-effector pose for the current joint configu-
ration T'(6;) is calculated based on (1).

To compute the 4 x 4 matrix representation of the body
twist [Vp], the matrix logarithm algorithm is applied to the

pose error:
W] = log(Terror(6:))- (7)
The body twist

_ |Wb
v =[] 0
components are obtained from [V;] as

wi= 5] )

where [wp] is the skew-symmetric matrix representation of
Wp-

Since the iterative Newton-Raphson algorithm in (5) is
defined in the space frame, the body twist must be
transformed to the space twist. This transformation is
accomplished by using the adjoint matrix representation
of the end-effector configuration T'(6;). The space twist Vi
is calculated as

Vs = [AA(T'(6:)) V. (10)

For an arbitrary 4 x 4 homogeneous transformation

T = []g 11’] : (11)



the corresponding 6 x 6 adjoint matrix representation is
calculated as
R 0

where [p] is the skew-symmetric representation of p.
4.2 Calculation of the space Jacobian Js(6%)

The space Jacobian J,(6) € R6%6 defines the relationship
between the joint rate vector 6 € RS and the spatial twist
Vs € RS of the end-effector expressed in the space frame
Fs. Hence, the spatial twist is calculated as:

The Jacobian is constructed column-wise
T4(0) = [Ja1(0) To2(6) .. Js(0)], (14)

where each column Jg;(0) is computed based on the i-th
joint screw axis S;.

The first column corresponds to the first screw axis, Jg1 =
S1. The subsequent columns Jso(0)...J6(0) are computed
by transforming the i-th joint screw axis S; according to
the motion of the preceding ¢ — 1 joints. This transforma-
tion is calculated by using the adjoint representation of
the accumulated homogeneous transformations:

Jsi(e) = Ade[sl]el.“@[s'ifl]eifl (Sz) (15)

4.8 Calculation of the inverse space Jacobian J;1(6)

For the 6-DOF manipulator, the space Jacobian J;(#) is a
6 x 6 square matrix. The manipulator is neither redundant
nor underactuated since the number of joints (n = 6)
corresponds to the dimension of the task space.

The manipulator may still experience singularities. This
occurs when the space Jacobian loses full rank, i.e.
det(Js(#)) = 0. Near singularities, the inverse may be
undefined or numerically unstable, leading to large joint
velocities.

In order to ensure robust manipulator behavior for the en-
tire workspace, including close to singular configurations,
the inverse space Jacobian is computed by utilizing the
damped least squares method. This is also known as the
Levenberg-Marquardt method and computes the pseudo-
inverse of the space Jacobian J; 1(#) as follows:

JHO) = I (0)(Js(0) ) (0) + A2~ (16)

Here, J () is the transpose of the space Jacobian, A is a
non-zero damping factor and [ is the 6 x 6 identity matrix.

5. AUTOMATIC CONTROL

Automatic control is realized by implementing Algorithm
1 in the robotic control system. The algorithm is designed
to enable the manipulator to execute the entire drill plan,
drilling every blast hole until all holes have been visited.

5.1 Trajectory generation
ROS2’s (Robot Operating System 2) path planning and

trajectory generation algorithms were used to compute
the joint position and velocity trajectories, 64(t) and

Algorithm 1 Automatic Control

while hole index i, 7 number of holes njyes do
while the current feeder telescope position 0. 7 is
above the feeder telescope retract setpoint
9d,7 do

Retract the feeder telescope.

end while

Request the next target hole pose Thole.

Use the Newton-Raphson algorithm in (5) to

compute the target joint configuration 6; for the hole

pose ﬂ101e~

Generate joint position and joint velocity

trajectories, 0,4(t) and 6,4(t), respectively, from the

current joint configuration 6. to the target joint

configuration 6;.

Initialize timer ¢ and joint tolerances 6;,;.

while 6;, < abs(6; — 0.) do
Compute the time duration At from the previous
execution.
Update timer ¢ = ¢ + Af.
Sample 64(t) and 6,4(t).
Feed the obtained joint position and joint
velocity setpoints, 84 and 64, respectively, to the
PID controllers.

end while

while the drill bit is not contacting the face do
Extend the feeder telescope.

end while

Initiate the rock drill. Activate percussion and

rotation.

while the drill bit is not at the target hole depth do
Extend the rock drill along the feeder, move the
drill string into the rock.

end while

while the rock drill is not at its start position do
Retract the rock drill.

end while

Thole = thole + 1

end while

04(t), respectively, enabling the manipulator to move from
the current hole to the next (Macenski et al., 2022).
In particular, the manipulator library Movelt2, which is
part of ROS2’s infrastructure, offers multiple algorithms
for kinematics, path planning, and trajectory generation
(Coleman et al., 2014).

The trajectory generation was performed in two stages.
First, the Movelt2 Pilz industrial motion planner pipeline
generated a feasible kinematic path from the current
joint configuration . to the target pose Tho. A prede-
fined workspace constrained the path generation. Next,
the Movelt2 time-optimal trajectory generation algorithm
time-parameterized the kinematic path, yielding time-
optimal joint position 64(t) and joint velocity trajectories
04(t) for the 6-DOF manipulator.

5.2 Controllers

Hydraulic cylinders and motors actuate the joints of the 7-
DOF manipulator. Changes in hydraulic low and pressure
induce motion. This is achieved by controlling their corre-
sponding compensated proportional valves. These valves



are bidirectional, a fully open valve (100%) induces maxi-
mum positive joint velocity, and a fully closed valve (0%)
results in zero velocity. The control signal applied to each
valve is constrained within the range [-10000, 10000], cor-
responding to [-100%, 100%).

The control law
t
d
uj(t) = kyje;(t) + ki /O &j(T)dT + ka g 2rei()

+ kg advj (t),
is applied to the proportional valve of each joint j. kj, ;,
ki j, ka j, and kg ; are the proportional, integral, deriva-
tive, and feedforward controller gains, respectively. 64 ;(t)
is the desired joint velocity at time ¢ from Algorithm 1. The
position error e;(t) is the deviation between the desired
and current joint position at time ¢ and is computed as:

e;(t) = 0a;(t) — bc,;(t). (18)
64,;(t) is the desired joint position at time ¢ provided by
Algorithm 1, while 6, ;(t) is the measured joint position at
time ¢.

(17)

6. EXPERIMENTAL RESULTS

The accuracy of the robotic control system was tested
experimentally at AMV’s test facilities in Flekkefjord,
Norway, and in the Treelen mine, Norway. For both full-
scale field experiments, the robotic control system was
provided with a digital drill plan comprising multiple drill
holes with position and orientation.

Fig. 3. Test setup in the Traelen mine.

To localize the drill jumbo relative to the rock face,
three retroreflective targets were mounted on the left-hand
side of the chassis and on the face. The positions of the
targets were identified using a stationary RIEGL VZ-400i
LiDAR scanner, illustrated in Figure 3. These coordinates
were then entered into the robotic control system, which
utilized them to convert the drill holes to local drill jumbo
coordinates in the space frame Fy.

Following the setup described above, the drill plans in
Table 2 and 3 were executed using Algorithm 1. In these
tables, i denotes the hole index, and (x1,y1,21) and

(z2, Y2, 22) represent the entry and end coordinates of the
holes, respectively.

Table 2. Drill plan for the Flekkefjord experi-

mental campaign [m].

i 1 Y1 21 T2 Y2 22

1 10.659 0.675 2.218 14.659 0.675 2.218
2 10.390 1.592 1.419 14.390 1.592 1.419
3 10.399 2.550 2.565 14.399 2.550 2.565
4 10.100 3.861 1.529 14.100 3.861 1.529

Table 3. Drill plan for the Traelen mine exper-
imental campaign [m].

i z1 Y1 21 2 Y2 22

1 10.695 1.963 3.158 15.776 2.251 3.423
2 11.271 2.019 2.388 15.775 2.274 2.623
3 10.934 2.024 1.571 15.773 2.298 1.823
4 11.002 2.051 0.775 15.772 2.321 1.024
5 11.188 1.018 0.756 15.730 0.879 0.982
6 11.214 0.217 0.735 15.706 0.080 0.959
7 11.144 -2.181 0.666 15.636 -2.318 0.889

The drilled holes for the Traelen mine experiments are
shown in Table 4. Here, (x,y, z) denotes the drilled holes
entry point coordinates, which were determined by the
LiDAR scanner. (dz,dy,dz) is the difference between
the planned and drilled holes entry point coordinates,
(z1,y1,21) and (z,y, z), respectively.

Table 4. Drilled holes for the Traelen mine
experimental campaign [m)].

i T Yy z dx dy dz

1 10.635 1.952 3.202 0.060 0.012  -0.044
2 10.985 2.020 2.478  0.286 0.000 -0.090
3 10.881 2.135 1.578 0.053 -0.112 -0.007
4 10913 2304 0.793 0.089 -0.253 -0.018
5 11.283 1.176  0.789 -0.096 -0.158 -0.033
6 11.301 0.369 0.812 -0.087 -0.152 -0.077
7 11.246 -2.026 0.706 -0.102 -0.155 -0.040

For the Traelen mine experiments, the drilled hole position
deviation, e, was calculated as:

e =/dx? + dy? + dz2. (19)

For the Flekkefjord experiments, these deviations were de-
termined by measuring the Euclidean distance between the
centers of each planned hole and its corresponding drilled
hole. Table 5 shows that the mean position deviations for
the Flekkefjord and Treelen mine experimental campaigns
were 4.6 cm and 19.1 cm, respectively.

Table 5. Position deviation e per drill hole for
both experimental campaigns [m].

i Flekkefjord  Treaelen mine

1 0.020 0.076

2 0.080 0.300

3 0.005 0.124

4 0.080 0.269

5 - 0.188

6 - 0.191

7 — 0.190
Mean 0.046 0.191

During these two campaigns, the rock face varied signif-
icantly in smoothness at the drill hole locations. Specif-
ically, at the Trzelen mine, the feeder slid sideways upon



contact with the rock face, resulting in greater drill hole de-
viation than in the Flekkefjord campaign, where the rock
face was smoother. To address this, the feeder extension
control in Algorithm 1 should be less aggressive, and the
rock face should be analyzed before drilling.

7. CONCLUSION AND FUTURE WORK

A robotic control system has been developed and de-
ployed for the AMYV drill jumbo with one articulated arm.
The system implements a complete automatic drilling al-
gorithm that integrates Product-of-Exponentials forward
kinematics, a Newton—Raphson numerical inverse kine-
matics solver, trajectory generation using ROS2/Movelt2,
and PID control of the hydraulic joints. The final feeder
telescope joint is handled separately to establish contact
with the rock face and to perform the drilling motion along
the feeder.

The proposed control system autonomously executed dig-
ital drill plans in full-scale experimental campaigns in
Flekkefjord, Norway and the Trzlen mine, Norway. To
the authors’ knowledge, this constitutes the first full-
scale experimental demonstrations of numerical inverse-
kinematics—based autonomous drilling on an industrial
drill jumbo. The system achieved an average drilled-hole
accuracy of 4.6 cm and 19.1 cm in the Flekkefjord and
Treelen mine experimental campaigns, respectively. The
former level of accuracy is acceptable for many holes in
a typical drill plan, but is insufficient for holes near the
tunnel floor and periphery, where tighter tolerances are
required to prevent overbreak. The latter level of accu-
racy is not acceptable for any holes in the drill plan.
Hence, to autonomously drill the entire drill plan, further
improvements are necessary. Future work will thus focus
on increasing the drilling accuracy of the robotic control
system.
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Appendix A. MATRICES
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