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Drilling carbon fiber reinforced plastics and titanium (CFRP/Ti) stacks is one of the most important activities in aircraft assembly.
It is favorable to use different drilling parameters for each layer due to their dissimilar machining properties. However, large aircraft
parts with changing profiles lead to variation of thickness along the profiles, which makes it challenging to adapt the cutting
parameters for different materials being drilled. This paper proposes a force sensorless method based on cutting force observer
for monitoring the thrust force and identifying the drilling material during the drilling process. The cutting force observer, which
is the combination of an adaptive disturbance observer and friction force model, is used to estimate the thrust force. An in-process
algorithm is developed to monitor the variation of the thrust force for detecting the stack interface between the CFRP and titanium
materials. Robotic orbital drilling experiments have been conducted on CFRP/Ti stacks. The estimate error of the cutting force
observer was less than 13%, and the stack interface was detected in 0.25 s (or 0.05mm) before or after the tool transited it. The
results show that the proposed method can successfully detect the CFRP/Ti stack interface for the cutting parameters adaptation.

1. Introduction

As carbon fiber reinforced plastics and titanium (CFRP/Ti)
stacks are widely used in aircraft structures, a large number
of bolt holes are required to assemble the stacked structure.
Drilling of CFRP/Ti stacks becomes one of the most impor-
tant activities in the integration of these advanced materials
into aeronautical applications. To improve themanufacturing
process and achieve high efficiency, the preferable practice is
to drill the hole for assembly through CFRP/Ti stacks in one
shoot instead of through CFRP and titanium material sepa-
rately [1, 2]. However, the hard-to-machine properties as well
as the dissimilar machining properties of each material make
it challenging to drill CFRP/Ti stacks. A number of studies,
machining CFRP [3, 4] or Ti [5, 6], have been carried out in
the last few decades. On the one hand, low feed rate with high
cutting speed is desirable for drilling CFRP material [7, 8].
On the other hand, the optimumdrilling process for titanium
requires drilling at low cutting speed with moderate feed rate

due to its low thermal conductivity, high hardness/strength,
and strong affinity [1, 2, 9]. Therefore, it is not easy to select
suitable parameters that perform ideally for both materials
in a stacked form. Some of the studies were dedicated to
selecting compromised process parameters to drill holes in
both materials of the stack [2, 10–12]. Yet some researchers
studied tool wear mechanisms, hole qualities, manufacturing
cost, and so forth, when drilling the CFRP/Ti stacks, and they
changed the parameters during drilling process and applied
the most suitable parameters for each material [4, 5, 13].

Changing the process parameters for each material dur-
ing the drilling process seems a good method to overcome
the compromise of the different machining parameters. But
large aircraft parts are usually designedwith changing profiles
and the thickness of different material layers varies along
the profiles. In addition, it is difficult to guarantee the thick-
ness accuracy of the large CFRP parts in the fabrication
process. Therefore, it is a challenge to achieve the adapta-
tion of the cutting parameters for different materials since
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the thickness of each layer is unknown. Neugebauer et al.
[14] presented a method based on an acoustic emission (AE)
signal for identifying the transition point between materials,
such that the point can be used to correctly adapt the process
parameters to the material being drilled.

Similar to Neugebauer’s method, researchers convention-
ally monitor tool/cutting condition by laser, vision sensor,
acoustic emission sensor (AE sensor), dynamometer, and so
forth [15]. However, these techniques need to install addi-
tional sensors and equipment to a machine tool. Considering
the cost, workspace limitation, and unwanted compliance, a
sensorless method is more favorable in practical applications.
Compared with the AE signal, cutting force is a more
intuitive characteristic parameter in cutting process, because
the variation of cutting force is directly related to the cutting
condition (such as tool breakage and tool wear). Thus, real-
time information of the cutting force is particularly useful
for tool wear prediction, breakage detection, and other
malfunction inspections [16].

For these reasons, a force sensorless method based on
force observer has been employed by many researchers,
because the input of the observer can be obtained from
the servo driver directly. The force observer estimates the
external force to the servomotor based on the given dynamic
system model with the inputs of the measured servo motor
current, command position, and actual position [17, 18].
This method is employed to monitor tool collision [19, 20],
detect tool wear and failure [21, 22], and suppress the chatter
vibration [23].

In the robotic orbital drilling process, the thrust force
usually ripples in orbital rotation frequency [24], the ampli-
tude of the ripple force is time varying, and the phase is uncer-
tain when drilling CFRP/Ti stacks. An adaptive observer [25,
26] could be used to obtain the DC component of the thrust
force from the complicated signals of the feed drive system.
And the estimation consistency, antinoise performance, and
convergence rate of the adaptive observer are improved by
using the algorithm with exponential forgetting factor [27].

In this paper, a force sensorless method based on cutting
force observer is utilized for monitoring the thrust force and
identifying the drilling material during the drilling process.
An adaptive disturbance observerwith exponential forgetting
factor, which filters out the undesired force ripple and severe
current disturbance of the feed motor, is used to estimate the
disturbance force of the feed drive system.The thrust force is
calculated by deducting the friction force from the estimated
disturbance force.Then, an in-process algorithm is developed
to detect the stack interface between the CFRP and titanium
materials by monitoring the variation of the thrust force
for adapting the cutting parameters. Section 2 describes the
dynamicmodel of the feed drive system for the robotic orbital
drilling end-effector. Section 3 presents the adaptive observer
employed by the force observer. Section 4 states the design
of the interface detecting algorithm which contains a signal
processing and a decision making part. Experimental results
presented in Section 5 show the effectiveness of the proposed
method. Finally, in the last section, the paper concludes with
a short summary.
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Ball screw Nut
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Figure 1: Configuration of feed drive system.

2. Dynamics of the Feed Drive System

This paper proposes a force sensorless method based on an
adaptive disturbance observer of the feed drive system for
thrust force monitoring during the orbital drilling process.
Before discussing the adaptive disturbance observer, the feed
drive system used for the orbital drilling device is introduced
first. The system which illustrates a typical configuration of
an industrial servo system is depicted in Figure 1. The system
comprises a servomotor, a ball screw, a linear encoder, a slide
table, and so forth, as shown in Figure 1.

The dynamics of the motor can be described by

𝐽
𝑒
�̇�
𝑚
= 𝜏
𝑚
− 𝜏
𝑑
, (1)

where 𝐽
𝑒
denotes the equivalent inertia of the moving parts,

𝜔
𝑚

is the angular velocity, and 𝜏
𝑚

and 𝜏
𝑑
are the output

moment and torque disturbance of the motor, respectively.
The motor output 𝜏

𝑚
is given simply as

𝜏
𝑚
= 𝐾
𝑇
𝐼
𝑚
, (2)

where 𝐾
𝑇
is the torque constant and 𝐼

𝑚
the motor torque

current. The disturbance contains reaction torque 𝜏ext of the
cutting process, Coulomb friction 𝜏cf , viscous friction 𝐷𝜔𝑚
(𝐷 denotes the viscous friction constant), and unspecified
parameter errors. The disturbance torque on the motor side
𝜏
𝑑
is defined as

𝜏
𝑑
= 𝜏ext + 𝜏cf + 𝐷𝜔𝑚 + Δ𝐽𝑒�̇�𝑚 − Δ𝐾𝑇𝐼𝑚, (3)

whereΔ𝐽
𝑒
= 𝐽
𝑒
−𝐽en,Δ𝐾𝑇 = 𝐾𝑇−𝐾Tn represent the deviation

between the nominal and actual value of the equivalent
inertia and torque constant, respectively, and 𝐽en,𝐾Tn are the
nominal values.
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In the case that Δ𝐽
𝑒
and Δ𝐾

𝑇
equal zero, (3) can be sim-

plified as

𝜏
𝑑
= 𝜏ext + 𝜏cf + 𝐷𝜔𝑚. (4)

The estimation of torque disturbance is derived as

𝜏
𝑑
= 𝐾Tn𝐼𝑚 − 𝐽en�̇�𝑚. (5)

The estimated cutting force is obtained as

𝐹cut =
𝑛

𝐾pitch
(𝜏
𝑑
− 𝜏cf − 𝐷𝜔𝑚) , (6)

where 𝐾pitch and 𝑛 denote the pitch and transmission effi-
ciency of the ball screw, respectively.

Preliminary experimental results of the robotic orbital
drilling process have shown that the thrust cutting force
mainly contains a DC component and an AC ripple force in
orbital rotation frequency after being filtered by a low-pass
filter, which is also shown in [24]. Thus, the thrust force can
be written as

𝐹cut = 𝐹DC + 𝐹𝑟, (7)

where 𝐹DC and 𝐹
𝑟
denote the DC component and ripple

force, respectively.The frequency of the ripple force equals the
orbital frequency which is given by the process parameters
within the range from 1Hz to 4Hz. It brings trouble when we
monitor the value of thrust force to detect the tool position in
the drilling process.The frequency of the ripple force is deter-
mined by the orbital speed of the orbital drilling operation,
but the amplitude and initial phase are uncertain. For this rea-
son, we use an adaptive observer to decouple the ripple force
from the observed force. The ripple force can be modeled as

𝐹
𝑟
= 𝐹am sin (2𝜋 ⋅ 𝑓orbital𝑡 + 𝜑ph)

= 𝑆 ⋅ sin (2𝜋 ⋅ 𝑓orbital𝑡) + 𝐶 ⋅ cos (2𝜋 ⋅ 𝑓orbital𝑡) ,
(8)

where 𝑓orbital is the orbital frequency, 𝐹am and 𝜑ph represent
the amplitude and initial phase of the ripple force, respec-
tively, 𝑆 and 𝐶 are unknown weights related to 𝐹am and 𝜑ph,
and 𝑡 denotes current time.

The DC component of the thrust force can be estimated
as in the following equation and Figure 2:

𝐹DC =
𝑛

𝐾pitch
𝜏dc =

𝑛

𝐾pitch
(𝜏
𝑑
− 𝜏cf − 𝐷𝜔𝑚) − 𝐹𝑟. (9)

Figure 2 depicts the feed drive system and the adaptive
cutting force observer. It is assumed that the load torque
remains constant and that its derivative equals zero during
a few sampling periods since the sampling frequency of the
signal processor is much higher than that of the external load
torque variation. Thus,

𝑑𝜏
𝑑

𝑑𝑡
= 0. (10)
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Figure 2: Adaptive cutting force observer of the feed drive system.

The state equation is given by

�̇� (𝑡) = 𝐴 (𝑡) 𝑥 (𝑡) + 𝐵 (𝑡) 𝑢 (𝑡) + Ψ (𝑡) 𝜃 + 𝛿 (𝑡) ,

𝑦 (𝑡) = 𝐶𝑥 (𝑡) + 𝜂 (𝑡) ,
(11)

where

𝑥 (𝑡) = [𝑥
1
𝑥
2
𝑥
3
]
𝑇

= [𝑥act 𝜔
𝑚

𝜏
𝑑
]
𝑇

,

𝑦 (𝑡) = 𝑥act,

𝑢 (𝑡) = 𝐼
𝑚
,

𝐴 (𝑡) =
[
[
[

[

0 𝐾pitch 0

0 0 −
1

𝐽en
0 0 0

]
]
]

]

,

𝐵 (𝑡) = [0
𝐾Tn
𝐽en

0]

𝑇

,

Ψ (𝑡) = −
1

𝐽en
[
0 sin (𝑓obital𝑡) 0

0 cos (𝑓obital𝑡) 0
]

𝑇

,

𝜃 = [𝑆 𝐶]
𝑇

,

𝐶 (𝑡) = [1 0 0] .

(12)

The input variable 𝑢(𝑡) is the motor drive current 𝐼
𝑚
, state

variables 𝑥(𝑡) are the actual position 𝑥act of the slide table,
motor angular velocity 𝜔

𝑚
, and the disturbance torque 𝜏

𝑑
,

the output variable 𝑦 is equal to 𝑥act, and 𝛿(𝑡) ∈ 𝑅
𝑛 and

𝜂(𝑡) ∈ 𝑅
𝑚 are the system noise and the measurement noise,

respectively. 𝑄(𝑡) ∈ 𝑅
𝑛×𝑛 and 𝑅(𝑡) ∈ 𝑅

𝑚×𝑚 are their
covariance matrices. In order to simplify the expression, the
symbol 𝑡 will be omitted in the following equations unless
there is an emphasis.
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3. Adaptive Observer with Exponential
Forgetting Factor

For any given parameter 𝜃, a state observer for system (11) can
be designed as

̇̂𝑥 = 𝐴𝑥 + 𝐵𝑢 + Ψ𝜃 + 𝐾 (𝑦 − 𝐶𝑥) , (13)

where 𝑥 is the estimation of the system state 𝑥 and𝐾(𝑡) is the
gain matrix.

Since 𝜃 is unknown in system (11), 𝜃 is replaced by its
estimate 𝜃(𝑡). Therefore, the state observer (13) is written as

̇̂𝑥 = 𝐴𝑥 + 𝐵𝑢 + Ψ𝜃 (𝑡) + 𝐾 (𝑦 − 𝐶𝑥) + 𝑤 (𝑡) , (14)

where 𝑤(𝑡) denotes the deviation of the estimated value 𝜃(𝑡)
from the true value 𝜃, and it will be explained later.

Define the estimate errors of the state 𝑥 and unknown
parameter 𝜃 as

𝑥 (𝑡) = 𝑥 (𝑡) − 𝑥 (𝑡) ,

𝜃 (𝑡) = 𝜃 (𝑡) − 𝜃 (𝑡) .

(15)

As parameter 𝜃 is a constant, hence, ̇𝜃 = 0. Combining (11),
(14), and (15), the derivative of estimate error of the state is
obtained as

̇̃𝑥 = �̇� − ̇̂𝑥

= 𝐴𝑥 + 𝐵𝑢 + Ψ𝜃

− [𝐴𝑥 + 𝐵𝑢 + Ψ𝜃 + 𝐾 (𝑦 − 𝐶𝑥) + 𝑤]

= (𝐴 − 𝐾𝐶) 𝑥 + Ψ𝜃 − 𝑤.

(16)

Assume the relationship between 𝑥 and 𝜃 as

�̃� (𝑡) = 𝑥 (𝑡) − Υ (𝑡) 𝜃 (𝑡) , (17)

where Υ(𝑡) ∈ 𝑅𝑛×𝑝 is an undetermined parameter. Substitute
(16) into (17); then

̇̃𝑧 = (𝐴 − 𝐾𝐶) �̃� + [(𝐴 − 𝐾𝐶)Υ + Ψ − Υ̇] 𝜃 − Υ
̇̃
𝜃 − 𝑤. (18)

Let Υ̇ = (𝐴−𝐾𝐶)Υ+Ψ and𝑤 = −Υ
̇̃
𝜃 = Υ

̇̂
𝜃; then, (18) can be

simplified as

̇̃𝑧 = (𝐴 − 𝐾𝐶) �̃�, (19)

and (14) can be written as

̇̂𝑥 = 𝐴𝑥 + 𝐵𝑢 + Ψ𝜃 + 𝐾 (𝑦 − 𝐶𝑥) + Υ
̇̂
𝜃. (20)

Assume that there exists a gain matrix 𝐾 which satisfies
system (19) globally stable; then �̃�(𝑡) → 0 as 𝑡 → ∞. In
order to guarantee 𝑥 and 𝜃 converge to zero, respectively, the
parameter estimation error 𝜃 should converge to zero.

The system output estimation can be obtained as

𝑦 (𝑡) = 𝐶 (𝑡) 𝑥 (𝑡) . (21)

Suppose the relationship between ̇̂
𝜃 and system output esti-

mation error (𝑦 − 𝑦) is

̇̂
𝜃 = 𝑀 (𝑡) (𝑦 − 𝑦) , (22)

where 𝑀(𝑡) ∈ 𝑅
𝑝×𝑚 is an undetermined parameter. Due to

𝜃 = 𝜃 − 𝜃 and ̇𝜃 = 0, thus

̇̃
𝜃 = −𝑀(𝑦 − 𝑦) = −𝑀𝐶𝑥. (23)

Substitute (17) into (23); then

̇̃
𝜃 = −𝑀𝐶�̃� −𝑀𝐶Υ𝜃. (24)

As mentioned �̃�(𝑡) → 0 when 𝑡 → ∞, so an appropriate
parameter 𝑀(𝑡) would satisfy the remaining expression of
(24):

̇̃
𝜉 = −𝑀𝐶Υ𝜉, (25)

stable. Thus, the parameter estimation error 𝜃 → 0.
Choose the parameter

𝑀(𝑡) = ΓΥ
𝑇

𝐶
𝑇

, (26)

where Γ ∈ 𝑅
𝑝×𝑝 is a symmetric positive definite matrix.

Equation (25) can be expressed as

̇̃
𝜉 = −ΓΥ

𝑇

𝐶
𝑇

𝐶Υ𝜉. (27)

Substitute (26) into (22); then

̇̂
𝜃 = ΓΥ

𝑇

𝐶
𝑇

(𝑦 − 𝑦) . (28)

Thus, the adaptive observer can be expressed as

Υ̇ = (𝐴 − 𝐾𝐶)Υ + Ψ,

̇̂𝑥 = 𝐴𝑥 + 𝐵𝑢 + Ψ𝜃 + (𝐾 + ΥΓΥ
𝑇

𝐶
𝑇

) (𝑦 − 𝐶𝑥) ,

̇̂
𝜃 = ΓΥ

𝑇

𝐶
𝑇

(𝑦 − 𝐶𝑥) .

(29)

As all the matrices 𝐴(𝑡), 𝐵(𝑡), 𝐶(𝑡), and Ψ(𝑡) are piecewise
continuous and uniformly bounded in time, in order to
guarantee the convergence of the adaptive observer, we state
the following assumptions [25].

Assumption 1. For the matrix pair (𝐴(𝑡), 𝐶(𝑡)) in system (11),
there exists a bounded time-varying matrix𝐾(𝑡) ∈ 𝑅𝑛×𝑚 that
satisfies the system

̇̃𝑧 = [𝐴 (𝑡) − 𝐾 (𝑡) 𝐶 (𝑡)] �̃�, (30)

globally exponentially stable.

Assumption 2. Let Υ(𝑡) ∈ 𝑅
𝑛×𝑝 be a matrix of signals gener-

ated by the ODE (ordinary differential equations) system

Υ̇ (𝑡) = [𝐴 (𝑡) − 𝐾 (𝑡) 𝐶 (𝑡)] Υ (𝑡) + Ψ (𝑡) . (31)
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Assume that Ψ(𝑡) is persistently exciting so that there exist
two positive constants 𝛼, 𝑇 for all 𝑡 ≥ 𝑡

0
; the following

inequality holds:

∫

𝑡+𝑇

𝑡

Υ
𝑇

(𝜏) 𝐶
𝑇

(𝜏) 𝐶 (𝜏) Υ (𝜏) 𝑑𝜏 ≥ 𝛼𝐼
𝑝
, (32)

where 𝐼
𝑝
is a 𝑝 × 𝑝 identity matrix.

Assumption 1 states that, for any given parameter 𝜃, a
state observer can be designed for system (11) with the gain
matrix 𝐾(𝑡). Assumption 2 is a persistent excitation con-
dition, typically required for system identification [25].

As system (11) is uniformly complete observable, the gain
matrix𝐾(𝑡) can be chosen as the Kalman gain matrix:

�̇� (𝑡) = 𝐴 (𝑡) 𝑃 (𝑡) + 𝑃 (𝑡) 𝐴
𝑇

(𝑡)

− 𝑃 (𝑡) 𝐶
𝑇

(𝑡) 𝑅
−1

(𝑡) 𝐶 (𝑡) 𝑃 (𝑡) + 𝑄 (𝑡) ,

𝐾 (𝑡) = 𝑃 (𝑡) 𝐶
𝑇

(𝑡) 𝑅
−1

(𝑡) .

(33)

Theorem 1. Let Γ ∈ 𝑅
𝑝×𝑝 be any symmetric positive definite

matrix. Under Assumptions 1 and 2, (29) is a global exponential
adaptive observer for system (11). That is, for any initial con-
ditions𝑥(𝑡

0
), 𝑥(𝑡
0
), and 𝜃(𝑡

0
) and∀𝜃 ∈ 𝑅𝑝, the state estimation

error 𝑥(𝑡) − 𝑥(𝑡) and parameter estimation error 𝜃(𝑡) − 𝜃(𝑡)

exponentially converge to zero [25, 26].

Since the constant matrix Γ significantly affects the
antinoise performance and convergence rate of the adaptive
observer, which is generally hard to obtain, a time-varying
matrix D(𝑡) is utilized to replace the constant matrix Γ

according to [27]. D(𝑡) is obtained by the RLS (Recursive
Least Squares) algorithm with exponential forgetting factor.
Therefore, the adaptive observer (29) can be given by

Υ̇ = (𝐴 − 𝐾𝐶)Υ + Ψ,

Γ̇ = −ΓΥ
𝑇

𝐶
𝑇

𝐶ΥΓ + 𝜆Γ,

̇̂𝑥 = 𝐴𝑥 + 𝐵𝑢 + Ψ𝜃 + (𝐾 + ΥΓΥ
𝑇

𝐶
𝑇

) (𝑦 − 𝐶𝑥) ,

̇̂
𝜃 = ΓΥ

𝑇

𝐶
𝑇

(𝑦 − 𝐶𝑥) ,

(34)

where𝜆 > 0 is the forgetting factor and the initial value Γ(0) ∈
𝑅
𝑝×𝑝 can be any symmetric positive definite matrix.

4. Detection of Stack Interface

The cutting force signals are recorded during the robotic
orbital drilling experiments. Figure 3 shows an example of
the recorded signals when feeding the tool into the stack, of
which CFRP is the first layer and titanium is the second layer.
The graph shows a good correlation between the thrust force
measured by dynamometer and that observed by the pro-
posed force observer during the drilling process. The graph
also depicts the typical changes in thrust force signal along the
tool feed path. There is a sharp rise when the tool enters the
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Figure 3: Thrust force measured by dynamometer and observed
by force observer during orbital drilling of CFRP/Ti stack using a
conventional end mill.

CFRP, and then, the thrust force keeps constant when drilling
CFRP layer. A depression (as shown in the enlarged drawing)
comes up with the tool transients from the CFRP layer to
titanium layer in the case that a slight gap appears between the
two layers. But if the layers are in intimate contact with one
another, a sharp rise will take place in the transition which
performs similarly to the tool entering the CFRP. When the
tool has entered the titanium layer, the thrust force shows a
slow descending tendency. After that, a rapid decline of the
thrust force comes up at the exit of the titanium.

The proposed force observer is used tomonitor the thrust
force during the orbital drilling process. The changes in the
shape of the force observations are identified by amoving lin-
ear regression algorithm. Monitoring the deviation between
the predicted force (calculated by the time-force function
defined by linear regression) and observed force at a regular
interval makes it practical to detect the tool position in the
CFRP/Ti stack. The procedure of the tool position detection
is shown as follows, and the flow chart is also presented in
Figure 4.

(1) The tool position indicator Flag is set to 0 before the
tool reaches the workpiece.

(2) Force value 𝐹
𝑘
measured by cutting force observer is

recorded for a regular time interval Δ𝑡. We predict
the force 𝐹

𝑘
of the current time 𝑡

𝑘
by the time-force

function, 𝐹 = 𝐴 ⋅ 𝑡 + 𝐵, and parameters 𝐴 and 𝐵 are
calculated by linear regression with the last 𝑁 force
values,𝐹

𝑘−1
, 𝐹
𝑘−2

, . . . , 𝐹
𝑘−𝑁

.Thedifference𝐹
𝑘
between

the measured force and predicted force is obtained by
𝐹
𝑘
= 𝐹
𝑘
− 𝐹
𝑘
. The subscript 𝑘 denotes number of the

force value sampled by the detection algorithm.

(3) When 𝐹𝑙𝑎𝑔 = 0 and the deviation 𝐹
𝑘
exceeds the

threshold thd 1, it is regarded as the situation inwhich
the tool makes contact with the workpiece, which
means the tool is entering the CFRP layer. Then,
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Predict the force value F̂k = A · tk + B

force data
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Read force data every Δt: Fk

|F̃k| > thd_2
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F̃k > thd_1 F̃k < thd_3

Figure 4: Flow chart of the algorithm used for detecting the tool position in CFRP/Ti stack.

the indicator Flag is set to 1 and the time when it
happens is recorded as time 1.

When 𝐹𝑙𝑎𝑔 = 1 and |𝐹
𝑘
| > 𝑡ℎ𝑑 2, it is regarded as the

situation in which the tool is approaching or entering
the titanium layer. Then, the indicator Flag is set to 2
and the time when it happens is recorded as time 2.

When 𝐹𝑙𝑎𝑔 = 2 and the deviation is below thd 3
(thd 3 is a negative value), it is regarded as the situ-
ation in which the tool is going to penetrate through
the stack. Then, Flag is set to 3 and the time when it
happens is recorded as time 3.

(4) When the equation, 𝐹𝑙𝑎𝑔 = 3, is satisfied, all the three
positions, which denote that the tool enters the CFRP,
traverses the material interface, and exits the Ti,

respectively, have been identified.Then, the algorithm
is ended.

Considering the safety machining requirement, a fail
indicator is assigned if the desired change is not found where
it is supposed to be within the time frame of normal process.

5. Experiments and Results

5.1. Experimental Setup. As shown in Figure 5, experiments
were carried out on the Robotic Orbital Drilling System
(RHMS) developed at Zhejiang University. The stack plate
was mounted on a Kistler 9257B dynamometer which was
used to measure the thrust force during the drilling process.
The feed drive system employs anAKM33E servomotor pro-
duced by KOLLMORGEN Co., Ltd., and an LC483 absolute
linear encoder produced by HEIDENHAIN Co., Ltd., with
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Dynamometer

Workpiece End-effector

Robot

Figure 5: Experimental setup for robotic orbital drilling.

CFRP
Ti

Figure 6: Workpiece sample of CFRP/Ti stacks.

Table 1: Parameters of feed drive system.

Symbol Description Value
𝐽en Nominal system equivalent inertia 0.0003Kg⋅m2

𝐾Tn Nominal torque constant 1.10Nm/A
𝐾pitch Pitch of the ball screw 0.637mm/rad
𝑛 Transmission efficiency of the ball screw 0.95

resolution 5 𝜇m, and the system parameters mentioned in
Section 2 are given in Table 1.

TheCFRP/Ti stack used in the experiment was composed
of CFRP and Ti plates. The CFRP plate (T700/QY9611, with
a thickness of 5mm) lay on the top of the titanium plate (Ti-
6Al-4V, with a thickness of 4.5mm), and they were bolted
together, as shown in Figure 6. The holes with a diameter
of 8mm were orbital drilled with solid carbide end mills
featuring four teeth, an overall length of 75mm, a cutting
edge length of 25mm, and a diameter of 6mm.All the cutting
tests have been carried out at a spindle speed of 2000 rev/min,
an orbital speed of 120 rev/min, and a feed rate of 12mm/min.
The tests were carried out in dry machining conditions, since
wet conditions can adversely affect the material properties of
the composite. The CFRP and titanium chips were evacuated
in process via a vacuum dust removal system.

Table 2: Parameters of adaptive observer.

Symbol Description Value

𝑄
Covariance matrix of the

system noise diag(0.01, 0.01, 0.01)

𝑅
Covariance matrix of the

measurement noise 0.01

Γ
Symmetric positive definite

matrix diag(100, 100)

𝜆 Forgetting factor 0.5

5.2. Performance of the Cutting Force Observer. The cutting
force observer is proposed in Sections 2 and 3, and the
parameter value of the adaptive observer is shown in Table 2.
The summation of friction force, winding loss, iron loss, and
so forth was estimated by the adaptive disturbance observer
on the condition of air cutting test with a feed rate of
12mm/min. It is assumed that the thrust force is equal to zero
in the air cutting condition; thus, the output of the motor
is regarded as the friction force of the feed drive system in
constant feed rate of 12mm/min.

To evaluate the performance of the force observer, the
measured force and the observed force of the drilling tests
are compared. Figure 7(a) shows the thrust force recorded
by the dynamometer when drilling a hole in CFRP/Ti
stack that started with the CFRP layer and ended with the
titanium layer. Figure 7(b) depicts the comparison of the DC
component of the thrust forcemeasured by the dynamometer
and that observed by the force observer. Figure 7(c) indicates
the relationship between the AC component of the measured
force and the ripple force estimated by the adaptive observer,
in which the ripple force is obtained by (8).

The root mean square (RMS) value of the estimated error,
𝜀rms = ((1/𝑇) ∫

𝑇

0

|𝜀|
2

𝑑𝑡)
1/2, is used to measure the aver-

age observed performance of the cutting force observer,
where 𝜀 is the difference between the DC component of
the measured force and that of the observed force and 𝑇

represents the cutting time. Average thrust force measured
by dynamometer and force observer when drilling CFRP
and titanium layers and the average estimate performance
of the force observer are presented in Table 3. The estimated
errors of the force observer are below 12% and 13% when
drilling CFRP and Ti layers, respectively. Although it is not
a high accuracy method for the force measurement, basic
consistency between the observed force and the true thrust
force is guaranteed. In this research, the force observer is
aimed at monitoring the thrust force variation when drilling
different materials. As shown in Table 3, the thrust force
when drilling Ti-alloy is about 3 times higher than that when
drilling CFRP in the same drilling operation. Therefore, we
consider that estimated errors below 13% are acceptable for
the identification of the drilling material. Consequently, we
use the cutting force observer for the tool position detection.

5.3. Detection of Tool Position in CFRP/Ti Stack. The devel-
oped force observer can measure cutting force in real-
time without external sensors. Hence, we consider that
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Figure 7: (a) Thrust force recorded by dynamometer during the drilling test, (b) comparison of the DC component of measured force and
thrust force observed by cutting force observer, and (c) comparison of the AC component of measured force and ripple force estimated by
adaptive observer (at frequency of 2Hz, equal to orbital frequency).

the developed feed drive system is able to detect the tool
position in orbital drilling process by monitoring the thrust
force. In order to verify the effectiveness of the proposed
detection algorithm and evaluate the repeatability of this
method, 24 holes have been drilled for the position detection
tests. The parameters of the detection algorithm mentioned
in Section 4 are shown in Table 4.

In this experiment, the entering time of CFRP layer,
the time of the tool transit of the interface between differ-
ent materials, and the exit time of Ti layer are identified.

The time nodes identified by the detection algorithm are
shown in Figure 8. Table 5 lists the differences between the
drilling depth of the cutting tool and the true position of
the workpiece. Drilling depth is calculated by the feed rate
which multiplies the time given by the detection algorithm.
A negative sign indicates that a change of the material being
drilled is found ahead of time and position, while a positive
value indicates a delay.The accuracy of the identified position
of the tool is depicted in Figure 9 clearly. The upper surface
of the stack was detected after the tool enters the CFRP
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Table 3: Comparison of measured and observed thrust force when drilling CFRP and Ti layers.

Test number Thrust force when drilling CFRP Thrust force when drilling Ti
Measured (N) Observed (N) 𝜀rms (N) Deviation (%) Measured (N) Observed (N) 𝜀rms (N) Deviation (%)

1 83.47 85.91 10.27 11.95 277.00 259.07 24.01 8.67
2 99.28 102.19 11.76 11.85 312.23 298.61 21.06 6.75
3 109.13 106.52 11.94 10.94 349.95 317.21 37.21 10.63
4 118.96 116.17 17.20 14.46 378.93 343.22 38.24 10.09
5 129.35 126.10 11.61 8.98 393.47 362.31 36.16 9.19
6 132.88 128.39 11.85 8.92 425.12 401.00 29.84 7.02
7 139.02 139.82 12.79 9.20 442.30 412.64 35.36 7.99
8 152.06 146.17 13.54 8.90 464.38 429.31 39.47 8.50
9 151.38 148.21 12.27 8.11 471.32 414.53 58.46 12.40
10 157.83 157.46 13.66 8.65 489.12 455.81 36.67 7.50
11 149.78 151.66 15.78 10.54 510.27 457.20 54.58 10.70
12 162.59 159.46 11.05 6.80 548.53 511.78 36.62 6.68
13 169.51 161.96 12.72 7.50 542.07 482.16 59.99 11.07
14 168.87 166.10 14.53 8.60 553.20 499.88 53.58 9.69
15 172.47 168.19 16.37 9.49 570.95 526.67 45.13 7.90
16 172.63 162.19 16.22 9.40 589.04 535.50 54.23 9.21
17 180.10 172.47 21.31 11.83 609.20 548.91 61.43 10.08
18 182.53 175.50 16.36 8.96 627.18 576.45 52.51 8.37
19 205.38 196.45 17.20 8.37 495.66 453.04 45.37 9.15
20 196.28 187.14 16.81 8.56 652.28 597.01 58.32 8.94
21 195.24 181.41 21.12 10.82 648.23 595.99 57.13 8.81
22 200.63 190.24 17.80 8.87 679.41 630.90 52.20 7.68
23 196.72 181.05 18.59 9.45 683.71 635.91 50.34 7.36
24 203.80 194.89 19.53 9.58 713.97 651.37 64.55 9.04

Table 4: Parameters of the detection algorithm.

Δ𝑡 𝑡ℎ𝑑 1 𝑡ℎ𝑑 2 𝑡ℎ𝑑 3
0.02 s 50N 50N −30N
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Table 5: Differences in time and feed depth between the values identified by the detection algorithm and the measured value.

Test number ΔCFRP entering Δinterface transit ΔTi exit
Drilling time (s) Drilling depth (mm) Drilling time (s) Drilling depth (mm) Drilling time (s) Drilling depth (mm)

1 0.417 0.083 0.196 0.039 −4.970 −0.994
2 0.269 0.054 −0.115 −0.023 −0.150 −0.030
3 0.325 0.065 0.092 0.018 −2.236 −0.447
4 0.290 0.058 −0.234 −0.047 −0.021 −0.004
5 0.305 0.061 0.162 0.032 −0.383 −0.077
6 0.260 0.052 0.230 0.046 −4.621 −0.924
7 0.310 0.062 0.148 0.030 −1.657 −0.331
8 0.290 0.058 −0.032 −0.006 −0.853 −0.171
9 0.260 0.052 −0.123 −0.025 −1.110 −0.222
10 0.267 0.053 −0.165 −0.033 −1.512 −0.302
11 0.450 0.090 0.366 0.073 −1.155 −0.231
12 0.260 0.052 −0.092 −0.018 −4.430 −0.886
13 0.310 0.062 −0.121 −0.024 −3.760 −0.752
14 0.320 0.064 −0.123 −0.025 −3.380 −0.676
15 0.290 0.058 −0.160 −0.032 −0.660 −0.132
16 0.300 0.060 −0.162 −0.032 −3.320 −0.664
17 0.470 0.094 −0.130 −0.026 −5.340 −1.068
18 0.252 0.050 −0.063 −0.013 −4.780 −0.956
19 0.260 0.052 −0.100 −0.020 −0.270 −0.054
20 0.470 0.094 0.072 0.014 −2.330 −0.466
21 0.230 0.046 −0.072 −0.014 −1.860 −0.372
22 0.226 0.045 −0.026 −0.005 −1.999 −0.400
23 0.340 0.068 0.074 0.015 −1.400 −0.280
24 0.300 0.060 −0.070 −0.014 −6.010 −1.202

was detected in the range of −0.05∼0.05mm, which means
that the interface could be detected 0.25 s before or after
the tool penetrates it. But a much poorer accuracy of tool
position, when the tool exited the stack, was obtained. The
difficulty lied in accurately detecting the time when the tool
exited the titanium layer, which is mainly affected by the
complicated deformation of the uncut titanium plate. The
interaction between the thrust force and the decreasing depth
of the uncut material leads to the value of the thrust force
becoming fuzzy.

In the study of Neugebauer et al. [14], the stack interface
is detected within 0.8mm (0.17 s) when drilling from CFRP
to Al using standard drill. From the above experimental
results, it is clear that our proposed force sensorless method
has performance comparable to the acoustic emission based
method.

6. Conclusion

It is shown that the thrust force observed by the developed
force observer can provide a good solution for monitoring
the drill position in the CFRP/Ti stack. The point where the
cutting tool enters into the stack, exits from the stack, and
transits the interface of different materials can be identified
during the drilling process of the CFRP/Ti stack. As a result,
it is possible to change the drilling parameters such as spindle

speed, orbital speed, and feed rate to adapt thematerials being
drilled during the drilling operation. Hence, the quality of the
hole and the cutting tool life can be improved.

Since the thrust force is used as the indicator of the tool
position in the stack, the disparity in hardness of different
materials will be remarkable. Otherwise, it may be difficult
to detect the stack interface by monitoring the thrust force.
The suitable thresholds affect the identification accuracy of
the tool position, which should be further optimized. In
order to enhance the accuracy of the force observer which
is affected by the cogging force of the motor, ripple force of
the ball screw, and friction of the guide rail, a better machine
structure should be developed, for example, using direct drive
motor instead of the rotary motor and ball screw and using
air-slider instead of the guide rail.
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