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Abstract. This paper presents an efficient and easy methodology for modeling the vibrational 
behavior of common portable tools using as example a hand-driller. The work described in this 
paper uses a Hand-Tool model previously developed by the authors and couples it with different 
Hand-Arm-System (HAS) in order to evaluate which one reproduces the most realistic vibrational 
behavior. Although proposed for hand-tools, it can be extended for any kind of tool that produces 
vibration during its operation. This methodology summarizes different techniques in order to 
analyze the vibrational system. The different components of the hand-driller are represented as 
lumped masses and the connections between them with a spring and a damper. The elastic constant 
for the structural elements are determined by FEA using SolidWorks simulations, while the 
damping constant values used are the recommended by the software 20-sim for structural 
damping. Once the model is developed, it will be shown how the corresponding Bond-Graph 
diagram can be obtained and how it helps in obtaining the equations that describe the model. The 
software 20-sim is used to simulate the developed Bond-Graph model and to determine the 
Hand-Arm system vibrational response for a specific excitation force. 
Keywords: vibration, drill, dynamic model, Hand-Arm system, bond-graph. 

1. Introduction 

Common hand tool vibration can produce several kinds of diseases in workers, when exposed 
during long periods of time. The HAVS (Hand-Arm Vibration Syndrome) and the Raynaud 
disease (“dead hand” or white finger) are some of them [1, 2]. This has produced that in recent 
years several studies have been carried out in order to have a better understanding of these 
processes and predict the damage that these vibrational phenomena can produce on human health. 
Many scientists and engineers have developed studies on vibrational behavior of Hand-Arm 
system, but very few have made an analysis of the mechanical behavior of the tools that produce 
these vibrations and their interaction with the human body (in this case the Hand-Arm system). In 
this paper a methodology for the analysis of common hand-tool is exposed, taking into account 
the influence of the HAS on the system response. 

As example, a common portable hand driller was selected for developing its axial vibrational 
model. The Hand-Tool model was developed by the authors and presented in a conference [3]. 
The different components of the Black and Decker TM 500 were characterized and divide into 
groups of lumped masses, coupled between them with a spring and a damper [4, 5]. The equivalent 
masses and elastic and damping constant were determined. Next, the developed model was 
coupled to different HAS exposed in [6]. 

The dynamic model is studied using the Bond Graph technique and the equations that 
characterize the phenomenon can be easily obtained from this model. The software 20-sim is used 
to represent the model and solve it. Values of displacement, velocity and acceleration of each 
component can be easily obtained with this software. Additionally an analysis in frequency 
variable can be made with 20-sim. 



37. METHODOLOGY FOR HAND-TOOL VIBRATION ANALYSIS USING BOND GRAPH.  
DARWIN RUIZ, JUAN GALVIS, ROQUE J. HERNÁNDEZ, EDUARDO E. ZUREK 

 © JVE INTERNATIONAL LTD. ISSN PRINT 2335-2124, ISSN ONLINE 2424-4635, KAUNAS, LITHUANIA 17 

2. Model development 

In first place the tool has to be divided into subgroups, each one of them with a specific 
function and a considerable mass. Fig. 1 presents the Black and Decker TM 500 drill, while in 
Fig. 2 a schematic representation of the main parts is showed. 

Fig. 1. Black and Decker TM 500 drill 
 

Fig. 2. Schematic representation of the drill 

The tool is divided in 5 subsystems: drill bit, spindle, transmission, motor and housing. Each 
system is represented with lumped masses, and the connections between them are modeled with a 
spring and a damper [5]. These elements represent the structural elasticity and damping and are 
different of the springs or dampers that could be in the tool. 

Next, elements like spring or dampers (different from the structural ones), which absorb the 
impact or part of the vibration produced during operation, have to be identified. These elements 
are the main responsible of the tool dynamic behavior. In the hand driller there is an external 
spring between the gear and the housing (Fig. 3). It has big influence on the driller axial vibration. 
There is also lubricant in the gear shaft, which has to be taken into account for the torsional model. 
Fig. 3 shows the driller axial model, with the 5 main components and the coupling between them. 

Fig. 3. Drill axial model 
 

Fig. 4. One DOF Hand-Arm model [6] 

The developed model will be coupled to different Hand-Arm System models in order to 
reproduce the most realistic accelerations. These will be selected from [6], where models from 
one to four DOF are listed. 

The chosen models are listed below, with a simple representation and the values of masses, 
and elastic and damping constants. 

1) One DOF model. 
This model was developed by Reynolds and Soedel [6] and is shown in Fig. 4. The values of ݉, ܿ and ݇ depend on the axis and frequencies of study. For the case of the drill axial vibration 

the axis of study is the ݖ axis (forehand axis) [7] and because the rotational speed of the drill is 
2800 rpm, the frequency interval of 20-100 Hz is selected [6]. 

2) Two DOF model. 
The two DOF model will be not used, because the acceleration values are limited to 0.2 g, 

 
Motor

Spindle Drill bit

TransmissionHousing 
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value that is smaller than the expected accelerations. 
3) Three DOF model. 
Many 3 DOF models have been developed. Here will be studied the proposed model by the 

ISO-10068 (Fig. 5). 

 
Fig. 5. ISO 10068 Three DOF Hand-Arm model [6] 

4) Four DOF model. 
Also many 4 DOF models have been developed. Here will be studied the proposed model by 

the ISO-10068. 
Table 1 summarizes the parameters of the three HAS models selected previously. 

Table 1. Values of the masses, elastic constants and damping constants of the three HAS 
DOF Masses (kg) Elastic constants (kN/m) Damping constants (Ns/m) 

1 ݉ଵ = 0.103 ݇ଵ = 3.65 ܿଵ = 39.5 

3 
݉ଵ = 0.03 ݉ଶ = 0.662 ݉ଷ = 2.9 

݇ଵ = 5.335 ݇ଶ = 299.4 ݇ଷ = 2.495 

ܿଵ = 227.5 ܿଶ = 380.6 ܿଷ = 30.3 

4 

݉ଵ = 0.019 ݉ଶ = 0.0947 ݉ଷ = 0.655 ݉ସ = 4.29 

݇ଵ = 300 ݇ଶ = 68 ݇ଷ = 199 ݇ସ = 2.04 

ܿଵ = 591 ܿଶ = 203 ܿଷ =199 ܿସ =239 

The tool model and the HAS-Model have to be coupled. The complete axial model of the 
Drill-Hand-Arm system is presented in Fig. 6 and the nomenclature for the different components 
is shown. There a one DOF model is used. ݇ଷହ represents the spring that couples the gear and the 
housing. This spring is very important for the vibrational behavior of the tool. 

 
Fig. 6. Axial model of the Drill-Hand-Arm system 



37. METHODOLOGY FOR HAND-TOOL VIBRATION ANALYSIS USING BOND GRAPH.  
DARWIN RUIZ, JUAN GALVIS, ROQUE J. HERNÁNDEZ, EDUARDO E. ZUREK 

 © JVE INTERNATIONAL LTD. ISSN PRINT 2335-2124, ISSN ONLINE 2424-4635, KAUNAS, LITHUANIA 19 

Once the two models have been coupled, it is necessary to determine the values of the tool 
elastic and damping constants. This is show in next subsections. 

Simple SolidWorks simulation using FEM can be carried out to determine the structural elastic 
constants. The components are considered as springs and therefore its deformation will depend on 
the applied force and the elastic constant, Eq. (1): 

݇௜ = ௜, (1)ݔܨ

where ݇௜ is the elastic rigidity of the component ݅ and ݔ௜ is the maximum displacement of that 
component ݅. 

For determining the elastic constant of a component, a fixed support boundary condition was 
placed at one end of the component, while at the other end a force of 1 N is defined. The maximum 
displacement obtained with the FEA is used to calculate the stiffness of the part. 

The maximum deformation of the spindle is 6.297×10-10 m, and the rigidity will be given by 
Eq. (2): 

݇ଶଷ = ݔܨ = 1ܰ6.297 × 10ିଵ଴ m = 1.588 × 10ଽ N m⁄ . (2)

The same procedure was applied for determining the structural elastic constant of the other 
component. 

Special attention needs to be taken in determining the transmission elastic constant. The gear 
and worm elastic constant are determided as previously explained. Then, the equivalent gear 
stiffness related to the worm axis (݇௖ି௦௙) is calculated by Eq. (3): ݇௖ି௦௙ = ݊ଶ݇௖, (3)

where ݊ is the gear ratio and its value is 1/10, ݇௖  is the gear spring constant and its value is 
1.89322×108 N/m. Then ݇௖ି௦௙ = 1.89322×106 N/m. 

Finally the equivalent worm-gear set spring constant is calculated by Eq. (4): ݇ଷସ = ݇௦௙ + ݇௖ି௦௙. (4)

Table 2 summarizes all the results. 

Table 2. Drill components mass, spring and damping constant 
Element Mass (kg) Elastic constant (N/m) Damping constant (Ns/m) 

Drill bit ݉ଵ = 0.5147 ݇ଵଶ = 8.5034×107 ܿଵଶ = 158.383 
Spindle ݉ଶ = 0.1923 ݇ଶଷ = 1.588×109 ܿଶଷ = 1747.49 
Transmission ݉ଷ = 0.2392 ݇ଷସ = 4.49×106 ܿଷସ = 78.2772 
External spring – ݇ଷହ = 2457.7 – 
Motor ݉ସ = 0.5147 ݇ସହ = 6×108 ܿସହ = 1757.16 
Housing ݉ହ = 0.354 ݇ହ଺ = 48216 ܿହ଺ = 13.0812 
One DOF HAS ݉଺ = 0.103 ݇଺଴ = 3650 ܿ଺଴ = 39.5 

Its elastic constant can be easily determined using Eq. (5) [8]: 

݇ = ݀ସܦ8ܩଷܰ, (5)

where, ݀ is the wire diameter (0.001 m), ܩ is the shear modulus of the material (82.7 GPa, A228), ܦ  is the medium spring diameter (0.0112 m), ܰ  is the spiral number ( ܰ = 3). Therefore  
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݇ଷହ = 2452.68 N/m. 
The spring elastic constant was measured using a force and a displacement sensor, value 

recorded using software DataStudio. Therefore, measured ݇ଷହ value is 2167.7 N/m. Then, the 
theoretical ݇ଷହ value previously calculated will be used for the ongoing calculations. 

There are several ways to calculate the damping constants values associated to stiffness. The 
damping constant values used are the recommended by the software 20-sim for structural damping. 
These values are the critical damping values and they can be obtained by Eq. (6): ܿ௜ = 0.1ඥܭ௜݉௜ , (6)

where, ݉௜ is the lumped mass, ݇௜ is the elastic constant associated to the stiffness of the mass ݉௜, ܿ௜ is the damping constant associated to mass ݉௜. 
3. Bond graph model and equations 

Once all the parameters have been determined it is possible to build the corresponding Bond 
Graph Model. 20-sim is a software that allows drawing Bond Graph diagrams and simulating the 
system response under any excitation force [9]. Fig. 7 shows this diagram. 

 
Fig. 7. Bond Graph diagram of the driller axial model 

Once the diagram was established the equations that represent the model can be easily written, 
Eq. (7): ݀݀ݐ ۾ = ܠ۹ + ۱ ݐ݀݀ ܠ + ۴, (7)

where: 

۹ =
ۈۉ
ۇۈ

݇ଵଶ −݇ଵଶ 0 0 0 0−݇ଵଶ ݇ଵଶ + ݇ଶଷ −݇ଶଷ 0 0 00 −݇ଶଷ ݇ଶଷ + ݇ଷସ + ݇ଷହ −݇ଷସ 0 00 0 −݇ଷସ ݇ଷସ + ݇ସହ −݇ସହ 00 0 0 −݇ସହ ݇ଷହ + ݇ସହ + ݇ହ଺ −݇ହ଺0 0 0 0 −݇ହ଺ ݇ହ଺ + ݇଺଴ۋی
 ,ۊۋ

۱ =
ۈۉ
ۇۈ

ܿଵଶ −ܿଵଶ 0 0 0 0−ܿଵଶ ܿଵଶ + ܿଶଷ −ܿଶଷ 0 0 00 −ܿଶଷ ܿଶଷ + ܿଷସ −ܿଷସ 0 00 0 −ܿଷସ ܿଷସ + ܿସହ −ܿସହ 00 0 0 −ܿସହ ܿସହ + ܿହ଺ −ܿହ଺0 0 0 0 −ܿହ଺ ܿହ଺ + ܿ଺଴ۋی
 ,ۊۋ
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۾ = ۈۈۉ
ۋۋی଺݌ହ݌ସ݌ଷ݌ଶ݌ଵ݌ۇ

ۊ ܠ   , = ۈۈۉ
ۋۋی଺ݔହݔସݔଷݔଶݔଵݔۇ

 ,ۊ
where, ݌௜ is the lineal moment of mass ݅, ݔ௜ the displacement of mass ݅. 

The system response under a specific excitation force can be obtained either with 20-sim 
simulations or by solving the differential equation. In next sections will be shown results obtained 
from simulations. 

4. Hand-Arm system response 

In this paper a methodology for modeling the vibrational behavior of common hand-driller is 
presented. Therefore, real data to carry out the simulations are used in order to compare the 
obtained results with the literature and check the benefits of the proposed models and how accurate 
they reproduce the real data. In this order, the experimented acceleration levels are determined 
using as excitation force for the model the measured values from [10]. Thrust force values during 
a concrete drilling operation are shown in Fig. 8. 

 
Fig. 8. Axial force experimented by the drill bit during operation. Taken from [10] 

The Hand-Arm system response will be studied for different HAS models. The acceleration 
experimented by the different HAS models were obtained by a numerical simulation with the 
20-sim software. 

1) One DOF HAS model. 
The acceleration experimented by the one DOF HAS is shown in Fig. 9. The acceleration 

values correspond to mass ݉ଵ, which represents equivalent HAS mass [6]. 
The maximum acceleration amplitude is 10 m/s2, and the medium value is around 5 m/s2. 
2) Three DOF HAS model. 
The acceleration experimented by the three DOF HAS is shown in Fig. 10. The acceleration 

values correspond to mass ݉ଵ, which represents the cutaneous part of the hand that is in contact 
with the tool [6]. 

The maximum acceleration amplitude is 10 m/s2, and the medium value is around 7 m/s2. 
3) Four DOF HA-system model. 
The acceleration experimented by the four DOF HAS is shown in Fig. 11. 
The acceleration values correspond to mass ݉ଵ,  which represents the dermis [6]. The 

maximum acceleration amplitude is 10 m/s2, and the medium value is around 5 m/s2. 
The acceleration graphs shown do not include the impact. The ܻ  axis corresponds to 

acceleration in m/s2 and the ݔ axis is time in seconds. 
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Fig. 9. HAS acceleration (m/s2) vs time (s) (one DOF) 

 
Fig. 10. HAS acceleration (m/s2) vs time (s) (three DOF) 

 
Fig. 11. HAS acceleration (m/s2) vs time (s) (four DOF) 

5. Conclusions 

An analysis methodology has been shown for modeling the vibrational behavior of hand tools 
using Bond Graph. A sequence of the general procedure has been described. 

Obtained values of HAS acceleration have shown that the system response for different HAS 
models is similar although the three DOF HAS model has reproduced the most realistic 
accelerations if they are compared with the experimental values presented in Table 3 [11]. 

Table 3. Experimental acceleration values from [11] 

Tool Minimum acceleration 
amplitude (m/s2) 

Medium acceleration 
amplitude (m/s2) 

Maximum acceleration 
amplitude (m/s2) 

Drill 3.4 6.8 10.6 
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This shows that the developed model represents very well the actual behavior of the coupled 
Hand-Arm-Tool system. 

The three DOF HAS model gives a medium value of acceleration amplitude that approaches 
to the measured in [11] (6.8 m/s2) and requires less computation than the four DOF HAS model. 
Therefore, three DOF HAS model is the one recommended to use, when analyzing hand-tools 
vibrational behavior. 
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