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Abstract

Femoral shaft fracture is one of the prominent high impact energy injuries of the lower

extremity. One of the common techniques to cut hard tissues in orthopedics, neurosurgery, and

others is drilling. Robot assisted femoral shaft drilling and fracture reduction systems have

been designed and their applications in the theatre room are vast, but still have some demerits.

The use of robots in the theatre room for drilling and cutting hard tissues are so enormous due

its flexibility and high precision Although, vibration drilling is also a method of adding axial

vibration to the drill bit, but the objective research work is to focus on the modeling and

analysis of possible damage caused by high cutting force and vibration with an effort to

reduce the drilling force and the consequence of vibration on bone micro-structure during
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repositioning and drilling. This experiment encompasses the use of integrated vibration

reduction system includes ‘8 sets of visco-elastic air balloon damper’, 6DOF Hans Robot,

flexible bracket, contact vibration sensor, force sensor, the jig frame, the drill, air-pump,

proportional air controller (PAC), air control lines, drill, speed controller, voltage amplifier

and Monitor (Laptop).

Keywords: Drilling, Vibration, Reduction, Force, Muscle, Femur, Analysis, Signal

Processing

1.0 Introduction

Minimally invasive techniques such as surgical drilling offer clear advantages in fracture

management, including smaller incisions, reduced blood loss, and faster recovery times [1, 2].

Biological osteosynthesis remains the most widely adopted method, providing shorter surgical

duration, quicker healing, and fewer complications compared to traditional anatomic

reconstruction. For displaced femoral fractures, closed intramedullary (IM) nailing is

considered the gold standard, as it preserves anatomical alignment and creates a favorable

mechanical environment for bone healing.

Fracture repair relies heavily on accurate repositioning, reduction, and drilling of bone

fragments. However, conventional IM fixation often requires radiographic monitoring,

exposing both patients and medical staff to significant radiation. Surgeons also face

ergonomic challenges, including musculoskeletal strain and long-term occupational risks.

Traditional manual techniques further increase the likelihood of soft-tissue injury and

complications due to forceful manipulation during drilling [4, 5]. Robotic-assisted systems

have emerged as promising alternatives, offering precision and flexibility in orthopedic

procedures. Yet, challenges remain-particularly excessive vibration and cutting forces during

drilling, which can damage bone microstructure and compromise outcomes [7–9]. Since bone

properties change with fracture and density variations, vibration control is critical to ensure

safety, reduce operative time, and optimize drilling performance [10, 11].

To address these limitations, we developed a robot-assisted drilling system with integrated

force and vibration reduction mechanism susing a femoral shaft bone model that replicates

human musculoskeletal characteristics, this system enables surgeons to practice vibration-

controlled drilling. The incorporation of a soft air-controlled damper demonstrates effective
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vibration reduction, bridging gaps in previous research and offering promising clinical

applicability. Ultimately, this approach enhances surgical precision, minimizes complications,

and improves patient outcomes in femoral shaft fracture repair.

2.0 Methodology

2.1 Apparatus for intraoperative control of force, torque and vibration reduction system

In order to ascertain the viability of this control and reduction technique used, two sets of

experiments were conducted under different speeds, with varying drilling force and balloon

pressures. The simulated human bone and muscles used for this experiment has a very similar

physical and materials characteristic of real human bone and muscles. The muscles are made

up of flexible rubber tube and silicone, since silicone has similar appearance to human body,

especially in terms of stiffness [12, 13]. In order to experimentally illustrate force, torque

control and vibration reduction caused by the dynamic components of the cutting force,

another important parameter gives some vital idea about the relative position between the drill

and the femur bone. The bone-tissue vibration effect was measured by contact displacement

sensor (CDS), while the balloon pressure differences are controlled by the proportional air

controller (PAC). The reduction in frequency of vibration of the bone and analysis of the drill

is then observed, however, the equation of the dynamic response of the bone during cutting

can be formulated:

[M]

X� b
Y� b
Z� b
Ɵ�
b

+[C]

X� b
Y� b
Z� b
Ɵ�
b

+[K]

Xb
Yb
Zb
Ɵb

=

Fx (t)
Fy (t)
Fz (t)
Tb (t)

(1)

Where M denotes the lumped mass, C is the damping coefficient and K is the stiffness

matrices of the model femur, andxb(t) andyb(t) represent the lateral and axial forces, while zb
(t), and θb (t) are the torsional deflections of the femur in the global coordinate system as

suggested by [14, 15] . Also, the amount of deformations caused by drilling forces acting on

the bone while drilling areFx(t),Fz (t) which are the lateral forces and Fy(t) which is the thrust

force, with torque being denoted as Tb (t).The schematic diagram in Figure 1 showing the

force and vibration reduction method set-up using automated air controller embedded with

soft air damper. The entire set-up include a soft damper clamp well designed and

manufactured for this purpose, the compressed air source for the reduction process is from the
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air pump output supplied to the concentric balloon placed round the already re-positioned,

implanted and IM nailed fractured bone as shown in Figure 1.0

Figure 1 Showing the schematic diagram of drilling force and vibration reduction process

during robotic assisted fracture bone repair

In order to reduce high vibration during bone drilling, the initial displacement of the fracture

bone was noted and then repositioned by placing it in the concentric of the soft air balloon

damper and then increase the balloon pressure to create firmness on the fracture bone, thereby

aiding the bone alignment. However, with a considerable increase in the balloon pressure, the

drilling force and vibration were measured by the force sensor coupled to the robot

manipulator and the contact displacement sensor (CDS) to measure the displacement caused

to the bone during this drilling process. The pictorial view is shown in Figure 2 (a and b)

below.

(a) (b)

Figure 2 (a and b) Showing the experimental set-up for force, torque control and vibration

reduction during femur bone drilling process
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2.1 Design of a data acquisition system

The integrated vibration reduction system includes ‘8 sets of viscoelastic air balloon damper’,

6DOF Hans Robot, flexible bracket, contact vibration sensor, force sensor, the jig frame, the

drill, air-pump, proportional air controller (PAC), air control lines, drill, speed controller,

voltage amplifier and Monitor (Laptop). The data acquisition connection set-up for this

experiment is shown in Figure 3. The force sensor measures the drilling force and torque

applied along the x, y, and z-axis, while the contact displacement (CDS) sensor measures the

resulted vibration along x, y, and z-axis respectively. All the acquisition signals from the

sensors arrangement provides the core module of our force, torque measurement, control and

vibration reduction system; we employed well grooved and evenly distributed architecture to

ensure reliability and quality of our data, especially on the regulation of the balloon pressure

[21] . Data acquisition and management were controlled using (Matlab 16b) with data saved

in text files for post-processing analysis. The data were analyzed with the aim of measuring

and controlling forces, torques and observing the reduction of vibration during the surgical

drilling of femur bone.

Figure 3 Force Measurement and Vibration reduction Data Acquisition System

The set-up shown in Figure 4 (a and b) illustrate the experimental set up of both un-damped

and damped robotic assisted femoral shaft drilling for a better clarification, however, the

modeling of this drilling process is also shown in Figure 5 for a mathematical analysis.
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(a) (b)

Figure 4(a and b) Showing balloon damped and un-damped vibration during robotic assisted

femur bone drilling process

2.2 Mathematical Modeling of Vibration Absorber System

(a) A general 2DOF vibrating system of a femoral shaft

The dynamic vibration absorber system (DVAS) to be applied to surgical bone drilling is

proposed in our experimental procedure, the set-up is presented as 2DOF vibrating system.

Although this concept has never been applied in the area of surgical research in the past years,

it involves the use of 2DOF air damped balloon dynamic vibration absorber model (BDVAM)

for bone drilling, this studied is shown in Figure 6, the mass ratio (μ)i.e the ratio of the femur

shaft tom2 to the auxiliary mass m1 (frame) it is always assumed to be greater than unity

(μ >>1), where (ζ) is the damping ratio, two cases are presented in our study.

CASE 1: General application of damping in bone drilling

Figure 5 A general 2DOF vibrating system of a femoral shaft (BDVAM) (μ >>1).
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The equation of motion of general 2DOF of a femoral shaft in case 1 is represented by;

m1x�2 = - k1(x�1−x�2)−c1(x�1−x�2)−k2(x2−u)−c2(x�2−u� ) (4)

m1x�2= - k1(x�1−x�2)−c1(x�1−x�2) (5)

The effect of the air pressure damping ratio on the transmissibility of the vibration on the

femoral shaft can then be;

Mt2=
X2
U
= [A22λ2+A00]2+[A11λ]2

[B4λ4−B2λ2+B0]2+[−B3λ3+B1λ1]2

1
2 (6)

Mt1=
X1
U
= [ [−A2λ2+A0]2+[A1λ]2

[B4λ4−B2λ2+B0]2+[−B3λ3+B1λ1]2
]
1
2 (7)

Where; A22=2ζ2,A11=v2+4ζ1ζ2v,A00=2(ζ1v2+ζ2v1), andA2=4ζ1ζ2v,A1=2ζ1v2, A0=v2, and

B4=1, B3=2 ζ1+
ζ1 μ +ζ2v ,B2=(1+ 1 μ +v2), B1=2 vζ2+ζ1v2 ,B0=v2.

(b) Vigot Modeling System as Applied to Surgical Bone drilling of a femoral shaft

2DOF Air damped vibrating system using a balloon air damper (Vigot Model), with system

damping coefficients c1 ,c2 and balloon air damper characteristics i) air damping ratio ζaand ii)

is the assumed latex balloon which is modeled as 2D air spring rate ratio k =ka k1 ,where k1=

2D balloon air spring stiffness of auxiliary spring and ka= 2D stiffness of air balloon damper

as illustrated in Figure 5.

CASE 2: Vigot Damping Model as Applied to Surgical Bone Drilling

Figure 6 2DOF air damped vibrating system using a balloon air damper (Vigot Model)

(Balloon Dynamic Vibration Absorber Model). μ >>1.
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The equation of motion using Vigot model for 2DOF of a femoral shaft is represented by;

m1x�2= - k1(k1−ka)(x2−x1)−(c1−ca)−c2(x�2−x�1)−k2(x2−u)−c2 x�2−u� (8)

m1x�1= = - (k1+ka)(x2−x1) - (c1+ca)(x�2−x�1) (9)

The effect of the balloon air pressure damping ratio on the transmissibility of the vibration on

the femoral shaft can then be;

Mt2=
X2
U
= [−a22λ2+a00]2+[a11λ]2

[b4λ4−b2λ2+b0]2+[−b3λ3+b1λ1]2

1
2 = (10)

=Mt1=
X1
U
= [ [−a2λ2+a0]2+[a1λ]2

[b4λ4−bλ2+B0]2+[−b3λ3+b1λ1]2
]
1
2 (11)

Where; a22=2ζ2,a11=v2+4ζ1ζ2v+4ζak0.5ζ2v , a00=2(ζ1v2 + ζ2v1 ),

anda2=(4ζ1ζ2v +4ζ2ζak0.5v), a1=2(ζ1v2+ζak0.5v2+ζ2,v+kζ2v), a0=v2(1+k), and

b4 =1, b3=2 ζ1+
ζ1 μ +ζ2v+ζa

[k0.5+ k
0.5

u ] , b2=(1+k+4ζ1vζ2+4ζak0.5vζ2+ 1 μ +v2+( k
u
) ),

b1=2(ζ2v +kvζ2+ζ1v2+ζak0.5v2), b0= v2(1+k),

Assuming while drilling, the femur bone gives rise to a harmonically varying force which is;

F (t) = F0cosωt (12)

Then, following the ideal equation of motion of the drilling force on the bone while is given

as;

mx�+cx�+kx= F0cosωt (13)

The steady state solution of this equation can be given as;

x(t) = (X cosωt -ϕ) (14)

Where; F0 is the drilling force, ω is the spindle frequency , and X is the possible static

deflection of the bone while drilling.

X= F0

[ (k−mω2
2
+ ω2c2]

1
2

(15)

And;

ϕ= tan−1( ωc
k−mω2

) (16)
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However, to reduce the vibratory motion on the femur bone, the displacement amplitude of

the femur bones mass (M2 ) due to the cutting force F(t), given by Equation (16), can be

further expressed as:

Td =
X
δst
= KX
Fo
= 1

[ 1−r2 2+(2ζr)2]
(17)

Where X
δst
is called, in the present context, the displacement transmissibility or amplitude ratio

and it indicates the ratio of the amplitude of the femur bone mass, X, is the static deflection

under the constant force Fo [22] .

δst=
Fo
k

(18)

3.0 Vibration Signal Processing

In this section, the bone vibration signal during drilling process is directly recorded by a

contact displacement sensor (CDS), and then a simple method for determining the amplitude

of the exact harmonic component signal is proposed.

We assumed that the recorded vibration signal obtained x(t) are made up of several harmonics

can then be written as

x(t) = i=1
L (X cosωt −ϕ)� (19)

Where ϕ is the initial phase angle, since the displacement within the vibration environment

sometimes contains impulsive noise, the experimental signal is processed and the window size

of the filter is 5. We decide to use wavelet packet transform (WPT) in this study because it

provide good frequency resolution and simultaneously sacrifices its time resolution at low

frequencies, which is very good for harmonics analysis, although both short time Fourier

transform (SFTT) and Hilbert-Huang transform (HHT) can be employed to analyze vibration

signal, but the computational method of WPT is lower to STFT and HHT because it has a fast

algorithm. It is also believed that the recorded vibration signal varies with the milling force,

so there is a need for compensation for harmonic amplitude estimation when the force

changes with time because of the anisotropic property of the bone and the elastic properties of

muscles and ligament surrounding the bone. It is assumed that the WPT coefficients in the

node (n,0) is x0(p) is with p∈ 0, N
2n
−1 , and the output value of the displacement sensor is xn ,
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when the vibration occur as a result of drilling advancement into the bone, the harmonic

amplitude is dk p , as illustrated in Figure 6, it can be mathematically written as:

d�k p =dk p
x0 0 −xn
x0 p −xn

............................................................................................ (20)

4.0 Results

The in vitro result obtained from the frequency response from the excitation force caused by

drilling to the vibration displacement of the bone while varying cutting speed and balloon

pressure was obtained. The displacement is obtained as the integral value of acceleration

obtained by accelerometer at a specific measurement point. Each drilling is excited in the x, y,

and z direction, but we focused our research on Z direction only. Force is measured at the

robot effector spindle end, where the force sensor is attached. Damping effects were expected

to increase linearly with increased damper size (contact area) within a determined balloon air

pressure value, although, if the balloon pressure is too high, the balloon will become too

turgid and may not give adequate damping effect needed. In this experiment two robot spindle

cutting speed of 500rpm and 1000rpm were selected with varying balloon pressure of 4bar,

6bar, 8bar and 10 bars.

(a) (b)
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(c ) (d)

Figure 7 Recorded force, torque control and vibration reduction at 500rpm robot spindle

speed with varying pressure of 4bar, 6bar, 8bar and 10bar.

(a) (b)

(c) (d)

Figure 8 Recorded force, torque control and vibration reduction at 1000rpm robot spindle

speed with varying pressure of 4bar, 6bar, 8bar and 10bar.
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Figure 9 Vibration Filtered SignalAnalysis at 500rpm at 4bar, 6bar, 8bar and 10bar

Figure 10 Vibration Filtered Signal Analysis at 1000rpm at 4bar, 6bar, 8bar and 10bar

5.0 Conclusion

In this study the forces and vibrations were measured by force sensor and accelerometer, since

in an ideal situation the vibration amplitude of the bone is proportional to the increase in the

cutting force, but adequate clamping and damping system minimize the amount of vibration.
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Considering that the WPT coefficient in low-frequency suband proportionally reflect the

intensity of drilling force, we employed a compensation technique for harmonic amplitude

compensation as seen in Figure 7. With the robot spindle speed of 500rpm,it is seen that the

drilling forces and torques reduces when the balloon pressure increases from 4bar to 10bar,

but a perfect reduction is experienced while the balloon pressure is 8bar, with a very minimal

amplitude span and frequency when compared with other balloon pressure result as shown in

Figure 8, this can also be seen be seen when the robot spindle drilling speed is increased to

1000rpm, the force, torque and vibration amplitude is minimal at the balloon pressure of

8bar as also shown in Figure 9, as compared with other balloon pressure, this actually shows

that at pressure of 8bar, the damping is more effective with less vibration. With further

vibration signal processing using FFT and adding more filters, as shown in Figure 10 the

vibration signal, the amplitude plot and the phase plot of vibration at spindle speed of 500rpm

was further analyzed at the balloon pressure of 4, 6 8 and 10bars to critically show the

vibration reduction extent, at the balloon pressure of 4,6 and 10 bar it is seen that the voltage

displacement, are lower with balloon pressure of 8bar, considering the magnitude plot and the

phase plot in all these three cases, the amplitude voltage span and the frequency of vibration

are much lower when the balloon pressure is at 8bar with magnitude plot of range (0 to +0.1)

volt, with phase plot range of (+5 to -5) volt with less frequency of vibration. The

experimental results verify the correctness of using a soft balloon damper to absorb vibration

signal and it is a brilliant concept to control force and torque simultaneously during bone

drilling, and this has not been previously applied anywhere in surgical bone drilling. The basic

assumptions used in the modeling procedure are based on the geometrical structure of the

femur bone and the mechanical properties of a human normal femur bone, it is also important

to also know that the individual differences and the clinico-pathologic variances may change

the dynamic behavior of a bone. The vibration analysis is based on the preoperative image

data obtained.
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