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Abstract— This paper presents an aerial robotic platform
for rapid remote elevated overhead-perching drill operations
for wood health inspection. The platform features an in-
novative passive prismatic-gripper mechanism affixed to the
aerial robot’s top, facilitating overhead drilling. The primary
aim is to enhance the safety and efficiency of elevated wood
structure inspection using the resistography method, which
involves drilling into wooden structures to identify internal
voids. The research centers on two key enabling technologies:
a gripper mechanism for secure attachment to target surfaces
and a tethered drill configuration for drilling operations. The
novel gripper mechanism enables drilling on large planar
surfaces and even small beam-width structures. The paper
concludes with discussions on design simulations and drill
resistance experiments, highlighting the effectiveness of the
proposed approach in detecting internal cavities within wooden
structures.

Index Terms— Resistography, Wood structure inspection,
Tethered Aerial Robotics, Prismatic Gripper Mechanism, In-
ternal cavity detection

I. SUPPLEMENTARY MATERIALS

Please see the following link for supplementary materials
on the proposed system: https://youtu.be/GDH2jmWv_IA.

II. INTRODUCTION

In the pursuit of a collective effort to sustain the global
forest, more trees are planted internationally, aiming to grow
the forest area by 3%. Urban forests are increasingly recog-
nized for their potential to yield psychological and societal
advantages [1]. Nevertheless, with the proliferation of urban
forest initiatives, there arises a critical need to safeguard the
well-being of the flora, particularly in the context of mature
and sizable trees. To address this concern, resistography
emerges as a conventional yet non-destructive methodology
employed for the assessment of internal structural conditions
and the overall integrity of arboreal specimens, as well as
timber and wooden constructions. The procedure entails the
insertion of a slender needle or probe into the material of
interest, with subsequent measurement of the encountered
resistance [2]. In addition to the preservation efforts aimed at
trees, numerous ancient heritage buildings in Asian nations,
often constructed using timber as a primary material, are un-
dergoing conservation endeavors. Within this context, resis-
tography has found utility in the examination of the wooden
components of these historic structures. Its role encompasses
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Fig. 1. Proposed robotic concept. Conventional resistography vs robotic
concept: (a) Trees (thick overhanging branch). (b) Wooden structures.

the identification and characterization of decay types and
their specific locations within the timber elements. Although
this method is non-destructive for the subject, ascertaining
the condition of the structures often requires the resistograph
to be manually used at an elevated height, putting the human
user at risk of falls. Hence, safety measures such as scaffolds,
harnesses, and/or mobile elevated work platforms (MEWPs)
have to be set in place prior to operations. In recent years,
the advancement of technologies has presented an array of
opportunities for robotics to revolutionize traditional prac-
tices. Robotic solutions have the potential to tackle the
stated problems: improving productivity, optimizing resource
management, and minimizing workplace hazards. The field
of aerial robotics, such as Unmanned Aerial Systems (UAS)
specifically, has undergone significant advancements due to
the increased accessibility, miniaturization, and affordability
of electronics; transitioning from theoretical frameworks and
research prototypes to commercially applicable products [3].
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Modern UAS are able to carry out more sophisticated and
complex tasks on behalf of humans, especially for jobs
at elevated heights. Motivated by risk-free resistography, a
novel variant of UAS for elevated remote drilling is presented
in this paper, as illustrated in Figure 1.

III. RELATED WORK

To check the health of the wooden structures at an eleva-
tion, there are two forms of wooden health inspection: non-
invasive with visual inspection and minimal-invasive with
resistography. There have been prior works on tree health
diagnosis via visual inspection of tree cavities [4], [5], [6].
This form of tree health inspection is effective however it
is heavily reliant on the presence of tree cavities which
are uncommon and size-dependent. A more effective form
is resistography which requires the task of micro-drilling
into the wooden structure to check for the presence of
internal cavities within the material, due to decay. To conduct
resistography on high structures, the aerial robot must be
able to perform two tasks: to perch itself onto the structure
of interest and conduct the drilling operation.

A. Perching mechanisms

Firstly, Unmanned Aerial (UA) perching can be catego-
rized into two distinct approaches namely, top-down (conven-
tional) or bottom-up (overhead) approaches. The top-down
approach, inspired by avians and insects, involves emulating
their ability to land and rest on a perch after a flight, allowing
for the UAS to maintain a low-to-no motor thrust [7], [8],
[9]. The similarity between these works is that they employ
a gripper-like end-effector or a metamorphic perching arm
[10]. Conversely, the bottom-up approach involves the UAS
perching itself onto the ceiling structure, akin to the perching
behavior observed in bats, to exploit the ceiling effect to
maintain optimal motor thrust in the perch state [11], [12],
[13]. Hence, there is still a research gap in areas of the
gripping mechanics of aerial robots that employ bottom-
up approaches. The proposed perching mechanism takes
inspiration from the bobbit worm’s mandibles [14] that can
be used for grasping onto overhead beam structures or
branches for drilling while maintaining an optimal thrust
proportional to the feed (or normal) force. The mechanism
is designed to passively tighten its grasp with increased feed
force, in this paper upward thrust delivered by the motors.
This adaptation prevents counter-torque reaction due to the
spinning of the drill bit; essentially improving the axial thrust
forces. Therefore, it is essential to conduct a comprehensive
analysis of the optimal drilling process in order to gain
insights into which perching approach would be suitable for
the task.

B. Drilling

Secondly, the UAS must be able to conduct remote
drilling. During the drilling process, it is necessary to exert a
feed force onto the rotating drill bit in order to penetrate into
the material. Depending on the method of perching, the feed
force that acts on the onboard drill can either be applied by its

own body weight (for conventional perching) or by applied
thrust [15] (for an overhead perching approach). While the
feed force is directly proportional to the cutting force of the
drill, a larger cutting force would require a higher torque
motor. This usually leads to a larger drill hence, a larger
UAS platform. For the proposed work, the overhead perching
strategy is preferred due to the range of feed force that
it can achieve. Thus, careful consideration must be given
to the UAS’s all-up weight (AUW) to reserve sufficient
additional thrust to boost the feed force. [16] introduces a
design methodology and workflow for constructing a UAS
platform for its task.

To achieve this, the proposed design utilizes a multimodal
tether system that incorporates a flexible shaft connected to
an onboard drill bit. The drill bit is powered by a ground-
based, high-torque motor. The flexible shaft allows for the
effective transmission of torque along an irregular path.
Flexible shafts have been extensively utilized in areas such
as soft robotics manipulation [17] and surgical applications
[18], [19]. Additionally, to maximize the efficiency of the
UAS, a multimodal tether for power and drilling is adopted.
Tethered UAS have been employed for a multitude of ma-
nipulation operations [20] namely, pressurised fluid ejection
[21], [22], and aerial manipulation [23], [24], for their power
efficiency and as safer alternatives to conventional, labor-
focused methods.

C. Contributions

To our knowledge, this paper introduces a novel UAS
capable of overhead perching, specifically designed for re-
sistography applications. This paper will address the power
transmission and feed force problem for elevated drilling
scenarios with an overhead prismatic gripper that allows
the robot to perch to the overhead beams or branches.
Specifically, the contribution is presented as such:

o Design and development of the prismatic gripper end-
effector mechanism for overhead perching and drilling
on flat surfaces and beam structures.

This paper is organized as follows: in Section IV, the
modelling for the overhead prismatic-gripper mechanism,
and UAS optimized approach are developed. Simulation
results are presented in Section V, and experimental results
are reported in Section VI. Finally, Section VII concludes
the paper.

IV. SYSTEM ARCHITECTURE

This section provides detailed insights into the mechanical
versatility and capability of the prismatic-gripper mechanism,
designed specifically to accommodate drilling on flat-surface
ceilings and overhead beams. The novel passive overhead-
perching UAS consists of the main aerial robot body, a mul-
timodal tether system, and a prismatic-gripper mechanism
for stabilization during overhead drilling.

A. Passive Prismatic-Gripper Design

The prismatic-gripper mechanism comprises 4 prismatic
shafts mechanically coupled with 2 passive grippers where
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the shafts are loaded with individual springs as illustrated in
Figure 3. Its purpose is to provide impact absorption, and
stability when the UAS is in a perched state, as well as to
enable the application of a range of drill feed forces. As such,
it is imperative to optimize the drill feed force by studying
the forces that act on the UAS. In the perched state, the
UAS experiences the ceiling effect, where the proximity to
the ceiling results in an increase in upward thrust. Exploiting
this effect, the induced upward thrust acts as a beneficial ad-
ditional feed force for the UAS. Consequently, the prismatic
shafts also serve the purpose of acting as supplementary
cushions, mitigating the impact on the UAS caused by the
ceiling effect. As shown in Figure 4, the drill feed force is
analogous to the forces that act in the positive z-axis direction
z", is given by:

for beam
for ceiling

ZFt - Z(Fs + ng)

drill Z 7t { YF, +YF.—YF, )
(1)
where F; is the thrust force, F, is the ceiling effect, F| is the
spring force, and Fy is the gripper spring force. Since a beam
is much smaller in dimensions as compared to a ceiling, the

beam does not induce a significant ceiling effect.

1) Ceiling drilling: As the UAS approaches the ceiling,
the ceiling effect will become prominent. This phenomenon
is beneficial for the proposed UAS as any additional z+ force
will aid in driving the total drill feed force, Fy,;;. Adopted
from [25], the ceiling effect force is given by:

Fex 0
Fee=| Fooy | = 0 ) (2
Fee: 2pAYv;
such that,
- 1 2y, 1 % ? 2
FceZ_ZZpA(Z(l—alS)+2 (1—05182)24—52) vy,
i=1 3

where p is the air density, A is the cross-sectional area of
the propeller disc (nrlz,mp) such that ) is the radius of the
propellers, o are the dimensionless coefficients for non-
axisymmetric flow and wake re-circulation respectively, v; is
the input velocity to the i-th motor, and 6 is the propeller
radius to ceiling ratio given by:
S — Fprop , ( 4)
Zceiling
For any additional thrust force acting on the UAS body in
the perched state; zero change in spring compression length
(AZS = O)
4 0 0
YF.=k| © -1 0 1, (5)
=1 rof mg
where i is the respective motor on the UAS, k is an
appropriately-dimensioned constant, @ is the angular veloc-
ity of the motors and mg is the weight of the UAS.
The angular velocity can be obtained through the brushless
motor electrical equation, given by:
V—IR
=%
where R is the electrical resistance of the motor’s winding
and K, is the back EMF constant.
Once the prismatic shafts are loaded (Az; > 0), the spring

force is active.
ZFS = _stAZs; @)

2) Beam drilling: The concept of beam drilling shares
similarities with ceiling drilling, with the main difference
being that the width of the target surface in beam drilling,
Wpeam 18 significantly narrower than the length of the passive
gripper, lgipper, also shown in Figure 3.

(6)

lgripper > Wheam (8)

The top section of the prismatic-gripper mechanism com-
prises two fin-ray grippers. When the UAV perches against
a beam, a downward force, Fg, is applied onto the gripper
spring which activates and passively closes the fin-ray grip-
pers hence, grasping onto the beam. This grasping action,
due to the application of a load, is analogous to a loaded
torsional spring where the spring rate is governed by:
o % o ng'lfinray

ke =g 5 )
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B. Mechanical Power Transmission

A pivotal enabling aspect of the presented concept is
the utilization of a multimodal tether that facilitates the
integration of a flexible drill shaft as illustrated in Figure
5. This obviates the need for the UAS to bear the weight of
the onboard drill motor. Consequently, the drill motor can be
positioned on the ground, thereby rendering the UAS drill
motor agnostic. A proportional relationship exists between
the operational torque and radius; as the radius decreases,
the shaft’s capability to withstand torque diminishes. Un-
like conventional resistograph, in situations involving more
pronounced bends, the internal wires experience heightened
contact forces, leading to escalated levels of friction, heat
generated, and mechanical strain. Nevertheless, to guarantee
the optimal efficiency in the transmission of mechanical
power, the minimal bending radius g, for such a drill
shaft [26] is defined by:

2 2
xshaft + yshuft

(10)
4- Yshaft

Tshaft =

where X, represents the forward distance of the flexible
shaft, from the drill motor, carried by the UAS; ygp,y; is the
vertical distance between the drill motor and UAS.
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Fig. 6. Free Body Diagram of Drill Bit (Tip and Side views). F.,F,, F.
are the cutting force, normal cutting force, and tangential cutting force
respectively. A represents the length of the wear-flat, ¢ represents the
localized compressive stress beneath the wear-flat.

C. Drill Resistance

The kinematic forces that act on the drill bit can be
depicted by the free-body diagram (FBD) as illustrated in
Figure 6. The conventional equation for drill resistance can
be described by the summation of two components: one
arising from material deformation and the other stemming
from frictional interactions between the drill and the material:

(1)

To emulate a conventional resistograph, it is necessary to
show that the drill resistance measurement (DRM) can be
achieved. The DRM measures the force required to drill
a hole at constant rotation (RPM) and lateral feed rate
(mm/min). To validate the feed force for the drill gearbox, it
is quintessential to quantify the amount of depth of cut per
revolution d. [27], [28], which is given by:

For a given input Fg,,

Rarin (N) = Rdeformation + Rfrictiom

dc = f(ﬁ7Fdrill7RPM) = %7
where B is the feed rate, mm/min, and RPM is the revolution
per minute of the drill bit. With Equation 12, the area of cut
is:

12)

Ac=wd,, (13)

where w is the width of the drill bit. The localized compres-
sive stress beneath the wear-flat in the direction of drill ¢ is
given by the maximum pressure ppqy, over the ratio of the
depth below the surface z, to contact radius a:

o= tna (14a)
(1+%)
3F¥arin
Pmax = na? (14b)
i1 (1=v2)/E1 +(1—13)/E
= 3 Far (L=vi)/Er+(1—v3)/Br) (140)
8 1/di+1/d,

where Ey,vi,E>, and v, are the young’s modulus and pois-
son’s ratio for the high carbon steel drill bit and the wood
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material respectively. The ratio of the normal and tangential
components { is the back rake angle of the cutter shown in
Figure 6, such that:

¢ =1tan(0), (15)

Referencing Equations 11-15, for the case of drill bits
commonly used in conservation (drill bits with just two
cutters), the radius-independent drilling resistance LU

defined by: '
€
Rarin(N) = 2(1:37113\/[

where the € is the internal specific energy of the drilled
material when considering the energy required to remove
a certain volume of material during the drilling process.

+204, (16)

V. SIMULATIONS
A. Fin Ray Gripper Optimal Design Analysis

The Fin Ray gripper, entirely 3D printed using PLA
for flexibility and rigidity, maintains a minimal thickness
(0.5mm for the shell, 0.8mm for cross beams). With dimen-
sions W = 32.5mm, H = 10mm, and L = 103mm, it diverges
from V-shaped designs, opting for a curved shell for better
conformity to flat surfaces [29], [30]. Optimization involves
three parameters: Arc Angle [ZAOB =5, 7.5, 10]°, Spacing
[S= 11, 16.5, 22] mm between cross beams, and Incline
Angle of cross beam [0 = -10, -5, 0, 5, 10]°, sequentially
assessed via Solidworks Simulation. Figure 7 illustrates the
gripper’s maximum displacement during interactions with
flat surfaces and gripping objects.

The optimization process begins by defining the arc angle,
ZAOB, in a gripper mechanism with stationary points A
and B and a variable origin O. Observations show that
an arc angle of < 5° results in behavior similar to V-
shaped grippers, incapable of conforming to flat surfaces.
Prioritizing object gripping displacement, an arc angle of
7.5° is adopted. As spacing decreases, cross beams increase,
reducing displacement; thus, a 22 mm spacing is chosen.
Evaluating inclined angles from -10° to +10° reveals a
trade-off: reduced gripper displacement while gripping ver-
sus exerting force on flat surfaces. Balancing design and
performance, a median angle of 0° is adopted for optimal
outcomes.

VI. EXPERIMENTS
A. Mechanical Power Transmission Efficiency

To ensure that the tethered drill configuration is oper-
ating as efficiently as an onboard drill, a series of drill
motor configurations for the flexible shaft were conducted
on the RPM transmission: Straightened-unelevated (control),
Coiled-unelevated, and Straightened-Elevated (ideal). The
efficiency plot is illustrated in Figure 8. From this plot, the
respective efficiency of the three configurations is compared
to the input drill motor’s RPM. For the ideal case, the
Straightened-Elevated obtained about 95.72% efficiency as
long as the bend-radius in Equation 10 is met while the
Straightened and Coiled are at 98.49% and 83.41% respec-
tively.

Arc Angle =[5,

7.5, 10]°

Displacement (m

Avc Angle of Outer Wall ']

Spacing (S) =[11, 16.5, 22]mm

£ =

cement [mm)
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am %8 (@)= == G ]
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Fig. 7. Variance in Fin Ray Gripper Characteristics for Optimized Design.
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Fig. 8. Efficiency plot for Mechanical Power Transmission for the various
tethered drill configurations.

B. Bench-top Experiments

Two bench-top experiments were conducted on the gripper
mechanism as illustrated in Figure 9: a) Grasping on various
diameter beams and b) Gripper force characterization were
conducted to test the physical limitations of the mechanism.
Figure 9a shows how the gripper conforms to the various
diameters of the beam with ease and precision. Additionally,
Figure 9b shows the relationship between the gripping force
and the input feed force. These tests ascertain the usability
of the gripper to provide added stability during the drilling
process.

C. In-flight Drilling

Realistic mock-up drilling experiments of the respective
beam and ceiling structures for real-world applications are
conducted with the key experiment variables defined in Table
I. The mock-up comprises a 10mm thick wooden struc-
ture for overhead-perch drilling. The aerial robot is flown
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characterization were conducted to test the physical limitations of the
mechanism.

TABLE I
TABLE OF DRILL RESISTANCE VARIABLES

Variable Value
6 [rad], o [Pa], 0.698, 0.0025, 0.839
A [mm], € 0.002, 0.950
Thickness of the wood material [mm] 10
Variable [Lower bound, Upper bound]
RPM [2000, 3000]
Fari, [N] [30, 50]
B [mm/min] [0.470, 0.833]

manually to perch onto the target surface when the gripper
mechanism conforms to the outline of the surface. Once it
is perched, additional thrust is provided to allow the drill bit
to cut into the material as shown in Figure 11. From Figure
10, the resistance drops once the drill bit penetrates across
the material thickness, simulating the presence of a cavity
within the material. The gripper mechanism also provides
anti-torque capabilities and allows the UAS to concentrate
the drill bit into the material of the beam.

VII. CONCLUSION AND FUTURE WORK

The proposed aerial robotic platform for remote elevated
wood structure cavity inspection is presented, based on a
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Fig. 10. Drilling Resistance [%] against the duration of drill [secs] on

ceiling and beam surfaces during drill operation.
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Fig. 11. Time-lapse series of drilling aerial robot in operation, proposed
mechanism allows for stability and drilling. (a) Drilling process of wooden
beam structure. Passive gripper mechanism holds onto to smaller-than-body
structure, holds the UAS in position, and provides anti-torque capabilities.
(b) Drilling process of wooden ceiling structure. Passive gripper mechanism
conforms to the planar structure, increasing stability.

caged-design quadcopter UAS equipped with a novel pris-
matic gripper mechanism for overhead drilling. The full goal
of the project is to perch the UAS onto the target surface,
align the drill bit to the surface, and detect possible cavities
within a wooden structure through drilling resistance. Bench-
top and preliminary experiments on realistic mock-up of
wooden ceiling structures and beams have been realized
and the results are promising however, more outdoor tests
on actual trees and different composite wood materials are
needed to validate the viability and feasibility of the wood
health inspection. Future works will include control strategies
for precise drilling.
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