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A B S T R A C T

The force and temperature of bone milling depends on a large number of parameters pertaining to the bone
tissue and cutting tools. In the current literature, there is a lack of information on bone milling for cancellous
tissues. In this paper, we use the artificial neural network (ANN) methodology to develop appropriate force and
temperature models based on real experimental measurement data of bone milling on artificial tissues with
cancellous properties. The models estimate the milling force and temperature as a function of feed rate and
spindle speed. Two temperature models are considered, the bur temperature and the fresh-milled bone surface
temperature. A full factorial design of experiment (DOE) is used to collect the necessary data for developing and
validating the models. A very good agreement between the estimated and the experimental milling forces and
temperature is found. The established models are useful for real-time bone milling optimization and control.

1. Introduction

Bone machining is a common practice in modern surgery [1]. Bones
are rigid elements, living organs that form the framework of the human
body. Bones have different sizes, shapes, and functions. In general, bone
tissues can be categorized into cortical tissue and cancellous tissue [2].
The cortical or hard tissue is located at the outside part of a bone; while
the cancellous or spongy bone is mainly located in skull bones, verte-
brate bones, and at the end of long bones.

The most common bone machining procedures are bone drilling and
bone milling [1]. Bone drilling is the process of making a hole in the
bone tissue, whereas bone milling is used for bone resection or to create
cavities within the bone tissue. Bone drilling is a part of many surgical
procedures in orthopaedics, neurosurgery, reconstructive and plastics
surgeries [3]. Bone milling, on the other hand, is a common procedure
in Total Knee Replacement (TKR) surgery, cranial surgery, ontological
surgery, and spinal surgery [4–7].

The rigidity nature of the bone tissue has motivated the use of
surgical robots for bone machining. The bone rigidity and the high
contrast of bone imaging using X-ray, Computed Tomography (CT), or
Magnetic Resonance Imaging (MRI), help develop preoperative and
intraoperative models for patient anatomy. These models stay valid in
most circumstances during robotic based bone machining procedures
[8]. In an orthopaedic surgery, for example, it has been shown that
precision, stability, and dexterity can be enhanced by using robots for

bone machining [9]. However, using surgical robots for bone ma-
chining, whether the robot works autonomously (active robots) or co-
operatively (semi-active robots), requires many considerations to
minimize damage to the bone tissue and avoid injury to the sur-
rounding soft tissues [10]. Therefore, robotic bone machining should be
performed with minimum complications to ensure better outcomes and
reduce recovery time.

Bone cutting force and temperature are of vital importance during
bone machining. Excessive cutting forces can lead to mechanical da-
mage to the bone tissue, or break the drill bit itself, in addition to in-
creasing the bone cutting temperature [11,12]. On the other hand,
exposing the bone cells to heat, above a threshold for a certain duration,
causes bone necrosis (death of bone cells) [3]. Avoiding bone necrosis
during bone machining is essential; e.g. in Total Knee Arthroplasty
(TKA), bone necrosis disables the bone cells ingrowth between a cut
bone and an implanted artificial bone [13]. Therefore, avoiding ex-
cessive milling forces and temperature is critical during bone milling.

Damage to the bone tissue during bone milling can be reduced by
optimizing milling parameters based on mathematical models of the
milling force and temperature. These models can be used to find the
optimal or ‘best’ milling parameters that can minimize the bone tissue
damage due to bone machining [3]. These mathematical models give
the relationship between the milling parameters (the independent
variables) and the produced milling force or temperature (the depen-
dent variables). They can be used as the objective function or
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constraints in an optimization problem [14].
To regulate the bone cutting force, a model based controller can be

used. The controller generates a series of feed rate command signals to
keep the cutting force as close as possible to a predefined allowable
setting. However, in a force control systems the bone stiffness forms
part of the control loop gain, and the lack of an accurate force model
often leads to low loop gain settings. For instance, the lack of drilling
force models to represent different bone densities in [15] led to
choosing a low force loop gain to prevent high force fluctuations when
the drill moves from low density (cancellous bone) to higher density
(cortical bone) regions. Therefore, to solve this problem, the estab-
lishment of different bone force models to accurately estimate the bone
machining force at different types of bone density is important; there-
fore the motivation of this research.

Finally, bone machining force models can be used for bone state
recognition. In some surgical operations, identifying different bone
machining stages is critical important to ensure the correctness of the
bone machining process, and enhance patient safety [16]. Many tech-
niques have been used to identify bone drilling and milling states, and
model-based bone state recognition is one of these techniques [17–19].
Although bone sate recognition is mostly used to stop the cutting pro-
cess before damaging the surrounding soft tissues, it can be employed to
apply an optimized cutting parameter setting that corresponds to each
bone layer. Specifically, the cutting process requires the optimal feed
rate and spindle speed for the cortical bone when the cutting tool is in
the cortical bone region, and, similarly, if the cutting tool is within the
cancellous bone region, the corresponding optimal cutting parameter
settings for cancellous bone should be applied.

The subsequent sections of this paper is organized as follows:
Section 2 reviews the related research in bone milling. Section 3 shows
the experimental setup and design. Section 4 presents the modelling of
milling force. Section 5 presents the modelling of milling temperature
of the milling tool and the fresh-milled bone surface. Section 6 discusses
the experimental finding compared to related work in the literature.
Finally, Section 7 suggested future work and concludes the paper.

2. Modelling of bone milling

According to the review in [12], there are only few studies that deal
with modelling of bone milling. Furthermore, there is a lack of in-
formation concerning cancellous bone machining in the literature. The
review [12] also shows an emphasis to use the finite element modelling
(FEM) methodology to estimate the cutting force in bone drilling.
However, the main drawback of the FEM methodology is its limitations
for real-time applications, or during controller tuning and optimization.
Bone machining models based on FEM needs a relatively long time
during its simulation process. For this reason, some studies suggested
training Artificial Neural Network (ANN) models based on the data
obtained from FEM, and then using the trained ANN models for sub-
sequent simulation studies [20]. In general, most of the studies deal
with force and temperature modelling in cortical bone drilling, and
there are few investigations that consider bone milling and, particu-
larly, for cancellous bone.

Arbabtafti et al. [21] and Moghaddam et al. [22] proposed force
models for cortical bone milling. A force model was formulated based
on the principles covering different constant energy requirements for
removing unit volume of different bone materials. The model estimated
the force required to remove unit volume of bone with a milling
spherical tool rotating at a high speed. The model was developed for a
haptic simulation system for bone milling. The cutting edge of the
spherical tool was modelled as a set of infinitesimal cutting elements.
Then, differential cutting forces acting on each element were estimated
using a specific cutting energy. Finally, the cutting force was calculated
by summation of all force elements involved in the cutting process.
However, practical experiments were needed to determine the cutting
coefficients of the force equations.

Kianmajd et al. [23] suggested using a computer-aided manu-
facturing (CAM) software to calculate the milling tool positon and the
material removal rate (MRR) to estimate the orthopaedic milling force
along the entire tool path. Using the CAM software, the tool path was
divided into various volume segments; and the tool path is a summation
of incremental segments. Then, mathematical formulae were used to
estimate the milling force as a function of the cutting segment volume,
tool geometry, and cutting coefficients. The cutting coefficients were
estimated from empirical experiments on artificial cortical bones.
However, it should be noted that the cutting coefficients differ among
human bone specimens, or even within different sections of the same
bone specimen. Therefore, the author suggested using conservative
values for cutting coefficients, and consequently the estimated forces
might be higher than the actually experienced milling forces in surgery.

Plaskos et al. [24] conducted orthogonal cutting experiments on a
bovine cortical bone for high speed cutting systems. The study aimed to
calculate the cutting force coefficient as a function of tool geometry,
tool orientation, and depth of cut for cortical bones. Even though or-
thogonal cutting is the simplest form of cutting, it is fundamental to
other form of cuttings like drilling and milling. The orthogonal cutting
data can be used to develop mechanistic force models for most ma-
chining processes.

In the aforementioned studies [21–24], the milling experiments
require the use of cutting force coefficients to develop mechanistic force
models, which are based on a hypothesis that relates the cutting force to
the chip size removed. On the other hand, Wu et al. [25] used least
square multiple regression to develop an empirical milling force model
based on porcine femur experimental milling data. Milling forces were
estimated as a function of feed rate, spindle speed, and radial cutting
depth. Finally, a model validation test was conducted to ascertain the
model predictions as compared with the experimental results.

Evaluating bone density or quality is important to estimating the
milling force. Van Ham et al. [26] examined the relationship between
bone density and milling force. The mean milling force was found to be
exponentially related to the mean of bone density measured using a
quantitative computed tomography (QCT) scan. However, the obtained
relationship was limited to a specific feed rate and spindle speed; i.e.
4 mm/s feed and 800 rpm spindle speed. Base on the same principle,
Inoue et al. [27] suggested controlling the milling force by manip-
ulating the feed rate. The milling force was predicted as a function of
bone hardness, which was estimated on the basis of medical imaging.

For temperature modelling and estimation of bone milling, Shin and
Yoon [28] developed an analytical thermal model to estimate the
maximum temperature and the heat distribution due to bone milling
operations on a fresh bovine femur. To measure the fresh milled surface
temperature, two infrared thermometers were used. Then, the max-
imum temperature at the cutting point was extrapolated by solving a
moving heat source problem, where the milling bit was considered as a
moving heat source. The study showed that a larger feed rate and a
smaller cutting depth decreased the maximum temperature. The results,
however, contradict with those in Sugita et al. [29] in regard to the
effect of feed rate on the maximum temperature at the cutting point.
Specifically, Sugita et al. [29] stated that the cutting temperature in-
creased with the feed per tooth. Furthermore, Sugita et al. [30] esti-
mated the heat distribution inside a cortical bone during the milling
process. The temperature distribution was calculated theoretically as-
suming the milling bit as a linear heat source moving on a semi-infinite
plane (bone surface). The theoretical results were verified with ex-
perimental measurements. A narrow thermocouple was used to mea-
sure the changes in temperature distribution around the bone surface
during the milling process. A thermography was used to measure the
temperature distribution on the surface of the cutting edge. Finally, the
study showed that the cutting temperature increased rapidly close to
the bone-cutting tool contact point.

Some researchers studied the effect of the milling parameters with
respect to the milling force and temperature without appropriate
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