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Abstract
In engineering design, an issue for using complex simulation models in system analysis are unknown causes for dynamic 
system behavior, which make parameterization difficult. This paper presents a case study in which a structured system 
analysis is used for the parameterization of complex dynamic multi-domain models. The dynamic system behavior of an 
impact wrench during fastening of a bolt is analyzed and modeled using the Contact and Channel Approach for struc-
tured parameterization of a multibody simulation model. This qualitative model building serves as a basis for a simula-
tion model that quantifies the relations of design parameters and system behavior. Comparison with experimental test 
results is done as a validation. With this approach, the behavior identified in the simulation model could be traced back 
in a structured way to its cause in the system embodiment. The simulation model represented the real dynamic system 
behavior with an initial sufficient precision, but showed a lack of precision in detail. On this basis, the Contact and Chan-
nel Model was extended by adding additional statistical behavior of the system. Parameters of the system embodiment 
were identified qualitatively to improve the simulation model. A limitation in qualitative modeling of dynamic changes 
in the system has been identified that needs to be addressed in further research.
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1 Introduction

In engineering design, modeling of the dynamic behavior 
of a product or its subsystems is often necessary to under-
stand and then optimize the product. Recent mechatronic 
products often are very complex. Therefore, it takes much 
effort in time and cost to develop models, which represent 
the product’s dynamic behavior. Modeling languages like 
Simscape™ or Modelica® are commonly used to conveni-
ently model complex physical systems throughout vari-
ous domains as lumped-parameter models. These quan-
titative models usually rely on the system structure and 
on the experience of design engineers. This experience 
consists of knowledge on how a system works, i.e. how its 

embodiment is linked to its behavior and functions. On a 
structural level, this is known as product architecture. For 
example, the functions of components in a hammer drill 
are modeled in its product architecture. The gearbox trans-
mits torque and rotational speed, the hammer mechanism 
creates the impact, and so on. Identification of the cause 
for a certain characteristics of the impact is not in focus of 
the product architecture model. This detailed embodiment 
function relation (EFR) is difficult to capture, as it describes 
the connection between the specific products’ embodi-
ment (including known and unknown parameters) and its 
abstract functions (including behavior). For example, it is 
unclear why the torque of the impact wrench has a large 
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scatter. Details of the embodiment causing this behavior 
can be identified when modeling the EFRs.

Besides being present in the mind of the design engi-
neer, this knowledge about EFRs can also be explicated 
into models. Design engineers can use a multitude of 
these models, e.g. already existing simulation models, 
experimental data, and other documentations of the 
design, as a basis for quantitative models. Besides, many 
assumptions regarding the relevance of embodiment 
parameters have to be made. During parameter identifica-
tion, the model behavior is fitted to the real system behav-
ior. The relation of model parameters and model behav-
ior could be observed during that process and could be 
reflected onto the EFRs used to develop the model. Erro-
neous assumptions regarding EFRs, which could obstruct 
product development processes, might be discovered 
using a modeling approach which connects qualitative 
and quantitative models.

The challenge in developing dynamic systems like 
impact wrenches is that the complex system behavior 
makes assumptions necessary. Design engineers need to 
investigate this behavior and understand its relation to 
embodiment parameters in order to synthesize an opti-
mized system. Therefore, erroneous assumptions regard-
ing EFRs need to be avoided.

The aim of this contribution is to utilize a new approach, 
which uses EFRs during parameter identification and 
reflects results onto them, in a case study. The aim of the 
case study is to develop and parameterize a dynamic 
model of an impact wrench hammer mechanism using 
a structured modeling approach for EFRs. This is accom-
plished by using qualitative sequence modeling with the 
Contact and Channel Approach (C&C2-Approach). Addi-
tionally, the developed hammer mechanism model is 
coupled to a state-of-the art bolted-joint model, which is 
assumed to have a significant influence on the hammer 
mechanism behavior. From this, the system- specific chal-
lenge of coupling simulation models of the impact wrench 
and the bolted joint emerges.

The paper is structured as follows: An overview of lit-
erature on existing modelling approaches for EFRs and a 
description of the system under investigation for the case 
study are given. Then, the approach chosen in the case 
study is described and finally, the results gained by follow-
ing this approach in investigation of the dynamic system 
are shown.

1.1  Review of literature–modeling EFRs in dynamic 
systems

Handling EFRs is important to design engineers, as they 
need to define an embodiment of a technical system 
to realize its desired functions. Modeling methods that 

contain elements to describe EFRs have been developed 
to support engineering design. Axiomatic Design [1] or 
the Function Behavior Structure (FBS) framework [2] are 
used to describe design processes and contain elements to 
describe entities and relations of technical systems. They 
focus on understanding and modeling design processes, 
while their support in modeling EFRs is limited.

Characteristics Properties Modelling (CPM) comprises 
elements to describe the characteristics and properties of 
a product [3, 4]. It focuses on the structuring of these ele-
ments to support product developers in handling them 
in complex products. With CPM, the modeling of EFRs is 
possible, however, its support in the analysis of unknown 
EFRs is limited, as it relies on defined parameters of the 
products’ embodiment. A visualization, which can support 
in problem solving tasks [5], is not integrated. The domain 
theory [6] contains visualization aspects for explicit mod-
eling of embodiment parts and their relation to functions 
in the ‘organ domain’ and describes the relevant models. 
All of these described modeling methods in engineering 
design lack support in the modeling of EFRs in quasi-static 
or dynamic systems. These systems change the physical 
configuration of their embodiment during operation. This 
does not hinder modeling of the product architecture. 
However, in the technical details, it gets difficult to identify 
which EFRs are active at a certain state1 of the system. To 
gain knowledge about EFRs in the analysis of quasi-static 
and dynamic systems, the differentiation of their behaviors 
into states can be a reasonable approach.

Bond graphs provide a formalized description of EFRs 
in technical systems and are able to model dynamic sys-
tems. They allow the handling of complicated interactions, 
however, their possibilities to visualize the defined shape 
and its interaction during function fulfillment in a realistic 
representation are limited. Contact surfaces and their con-
nections remain schematic in the graph model. This is why 
they reach their limits in the analysis of dynamic systems 
in which non-standardized elements are used.

Modeling of state changes in design is established in 
the area of functional modeling, where many approaches 
use graph-based state descriptions on a functional level. 
The entity relationship model [7] or the state charts [8] 
describe states as sets of parameters of objects that can 
change in transition to a new state. Models based on them, 
like the system state flow diagram [9] enable the build-
ing of powerful models containing different energy flows 
through the system. The integrated function modeling 

1 In this context, a state means a fixed physical configuration of 
a technical system during a certain timespan. These states can 
change in a fixed sequence or due to trigger events. They can be 
divided into sub-states if a more detailed modeling is necessary.
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framework IFM [10] enables different views on process 
flow, interactions, states, and effects with the possibil-
ity to add even more. The approach by Mokhtarian et al. 
[11] combines functional modeling with physical mod-
els based on the bond graph theory. This approach ena-
bles the description of EFRs and consideration of states 
through state variables. These modeling methods help to 
depict and structure a system with focus on its functional-
ity. Powerful function models can be created with them, 
and partially, a relation to the details in embodiment is 
also possible. However, the influence of the details of the 
embodiment has to be known before they can be modeled 
(e.g. the influence of the system variable nozzle diameter 
of a glue gun on the glue gun flow). In this case, the EFR 
is clear. However, in systems, where dynamic effects influ-
ence the behavior (e.g. in which way the anvil diameter 
in the hammer drill influences the torque scatter), this 
becomes more difficult. Therefore, difficulties emerge in 
using functional modeling approaches in identifying EFRs 
in the analysis of dynamic system behavior.

1.2  The contact and channel approach 
for qualitative and visual modeling of EFRs

The C&C2-Approach [12–14] is a modeling method 
that focuses on a state-differentiated modeling of EFRs 
and uses the principle of visualization combined with 
structured elements. It has been developed to support 
product developers with a thinking tool for modeling of 
EFRs in static and quasi-static systems. The key elements 
provided allow the explication of EFRs and therefore can 
be used to express ideas, assumptions, and insights in 

explicit visual models (compare Fig. 1). In a previous case 
study, the C&C2-Approach has been used for building 
a multibody simulation model [13] Here, it supported 
design engineers in structuring of information and in 
using different model domains for solving a design prob-
lem. The approach is used in this study as well and thus 
is explained in more detail in the following.

Spatial and temporal system boundaries are defined, 
where only parts of the system are investigated, or, 
where specific periods of time during function fulfill-
ment (states) are investigated. Based on visualizations 
of the systems’ embodiment, e.g. a sketch of the system, 
a CAD cross-section, or a photo of a real system, EFRs are 
derived within the set boundaries. The levels of detail 
of the used visualizations have to be sufficient to allow 
the explicit expression of the EFRs. The key elements of 
the C&C2-Approach, the Working Surface Pair (WSP), the 
Channel and Support Structure (CSS) and the Connector 
(C) are used to create representations of the EFRs. WSPs 
are created when two arbitrary surfaces get into con-
tact and transmit energy, material, or information. The 
CSS connects two WSPs and transports energy, material, 
or information. The C comprises the effects of system 
parts outside the boundaries and represents the system’s 
environment.

These elements are shown in Fig. 1 (left side). The ini-
tial C&C2-Model is completed by assigning parameters to 
the key elements. More detailed models can be derived 
if necessary, or the system boundaries can be shifted to 
investigate other parts of the system using this initial 
C&C2-Model. Also, the basic hypotheses for the modeling 
approach are shown in Fig. 1 (right side).

Fig. 1  The C&C2-Approach, according to [13]
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When a system changes its configuration (quasi-static 
or dynamic), the static C&C2-Model is no longer valid, as 
WSPs, CSSs or Connectors emerge, disband or change their 
properties. A new C&C2-Model emerges, which can be con-
nected to the existing ones representing a state and form-
ing a C&C2-Sequence model with the other state models. 
The C&C2-Sequence model in its current development 
contains four dimensions, in which a system can change 
its configuration [15] An overview is shown in Fig. 2.

Here, the visualization of the dimensions state of the 
system, level of detail, and location of function fulfillment 
is made in a three-dimensional coordinate system. The 
dimension state of the system describes state changes over 
time that happen when the system runs in a sequence, e.g. 
the teeth of a gear that change states in a fixed sequence 
of the rotation of the gear. The dimension level of detail 
enables the structuring of analytical models with a dif-
ferent focus, an example being an overview model of the 
force flow and a detailed model of the interaction of two 
gear teeth. The dimension location of function fulfillment 
describes different locations, in which effects occur that 
influence the systems behavior. Differentiating in this 
dimension is similar to dividing a system into different 
subsystems, for example the bearing of the input shaft 
and output shaft of the gearbox. The fourth dimension 
logical state differentiates state changes caused by certain 
triggers, for example when a gearbox is shifted from first 
to second gear. It is visualized through triggers that lead 
to different three-dimensional coordinate systems, as four-
dimensional coordinate systems are difficult to visualize, 
which is important in using the C&C2-Approach [15] An 
initial investigation of dynamic system behavior using the 
C&C2-Sequence model has been conducted to identify 
unknown system behavior of an impact wrench [16].

To verify the built-up models, hypotheses can be 
derived from identified parameters of the systems embod-
iment and its behavior. They can follow the principles of 
hypotheses for damage analysis [17] and orientating tests 
[18], where focused simplification of a system is done to 
gain knowledge about EFRs.

1.3  Investigating a dynamic system‑working 
principle of impact wrenches

Impact wrenches are used when high torque is 
demanded in applications that require hand-held power 
tools, for example in steel construction or in repair shops. 
For applications where bolts are loosened, the impact 
wrench is commonly used because of its advantages in 
terms of speed and user’s exertion. In applications where 
tightening of bolts is necessary, there are issues regard-
ing the precision of the resulting clamping force. The 
torque of an impact wrench develops dynamically and 
therefore strongly depends on the interactions with the 
system environment. This means that different bolted 
joints and also different use cases or users greatly influ-
ence the resulting preload force [19]. Even in the process 
of tightening a bolt, with increasing the preload in the 
bolted connection, the effective stiffness rises and the 
amplitude of the impact torque rises, too [20]. It is diffi-
cult to draw up formulas and tables showing the interre-
lationships. Therefore, impact wrenches are not allowed 
to be used in most applications or are provided with a 
high safety factor like in VDI 2230 [21]. This is caused by 
the lack of a flexible as well as precise control method for 
impact wrenches [22]. A common approach nowadays is 
the model-based control of tightening systems. There-
fore, an analysis of the impact wrenches for modeling 

Fig. 2  Overview of the C&C2-Sequence model [15]
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the system can be the basis for the development of 
future control methods for the tightening process with 
impact wrenches.

The main advantage of impact wrenches over cordless 
screwdrivers and other continuous power tools is the low 
exertion by the user while applying high torque on bolting 
applications. This is done by using a rotational hammer 
mechanism where the hammer’s moment of inertia sup-
plies the energy for the torque development. The ham-
mer mechanism and the components around hammer and 
anvil are shown in Fig. 3.

The motor accelerates a hammer mass, almost with a 
constant torque, which hits the anvil and thereby gener-
ates a torque pulse. The torque pulses generated in this 
way are significantly greater than the torque of the motor 
and very short (pulse duration less than 0.5 ms). The drive 
shaft has two opposing v-shaped grooves with a semi-
circular cross-section on the outer surface, in which two 
steel balls are located. The hammer, which also has two 
mirrored internal V-shaped groove tracks on the inside, is 
mounted on the drive shaft and connected with it by the 
two steel balls. The interaction of hammer and drive shaft 
is shown in Fig. 4.

The rotation of the hammer is coupled with the axial 
movement of the hammer with respect to the drive shaft 
by the balls following the grooves on both parts. Addi-
tionally, a preloaded spring, which also stores energy, is 
mounted between the transmission and the hammer.

1.4  Dynamic models of impact wrenches and bolted 
joints

For the development of new hammer mechanisms for 
impact wrenches, detailed knowledge about the interac-
tions as well as dynamic simulation models are required. In 
particular, these models can be used for drive train design 
or for the development of tightening methods. To derive 
such system models, it is necessary to take into account 
all interacting subsystems. These subsystems, for example 
those of an impact wrench, are shown in Fig. 5 [23].

The interactions between the subsystems are particu-
larly important in the development of complex dynamic 
models, because of the time dependencies and nonlineari-
ties and their direct influence on the working result.

Sieling based his model derivation on an energy bal-
ance of the single impacts in accordance with the classical 

Fig. 3  Subsystems in the impact wrench [16]

Fig. 4  V-shaped tracks of the hammer mechanism [16]



Vol:.(1234567890)

Research Article SN Applied Sciences (2021) 3:128 | https://doi.org/10.1007/s42452-021-04149-8

impact theory; the preload force of the bolted joint is 
defined as the main model objective value [20]. With the 
assumption of the course of the preload force as a geomet-
ric series, he derives a discrete formula for prediction of 
the preload force after a certain number of impacts [20]. A 
study regarding the energy consumption in impact tight-
ening processes was conducted by Wallace [22].

Zhang and Tang show a lumped-parameter model of 
the hammer mechanism. For the parameterization of their 
model, a multi-objective optimization (MOO) approach is 
utilized while using measurement data of experiments 
with an impact mechanism and a hydraulic bolt tension 
calibrator. The resulting model is able to predict relevant 
states, and the maximum output torque and impact dura-
tion fit the experimental data well [24]. For bolted joints, 
lumped-parameter models also exist. One example is the 
lumped-parameter model for simulation of the dynamic 
tightening process developed by Japing et al. [25]. The 
objective of the model is to reproduce friction-induced 
rotational vibrations and to help understand the causes of 

the vibrations. The behavior of bolted joints depends on 
the tightening procedure [26]. The model by Japing et al. 
[25] is used in this paper as a basis and is being extended 
to take into account the actual test. Later on, the model is 
coupled with the hammer mechanism.

1.5  Case study

The objective of the case study is to develop a simulation 
model of a hammer mechanism and to couple this model 
successfully with a bolted-joint model. Because of its high 
dynamics, the hammer mechanism of an impact wrench is 
a suitable system for this case study.

Figure 6 shows the structure of the modeling approach. 
The approach is divided into three phases / steps. Sys-
tem structure modeling, parameterization, and model 
validation. The result of system structure modeling are 
a sequence model and a lumped-parameter model. The 
result of parameterization are quantified EFRs. In model 
validation, the quality of the lumped-parameter model 
is assessed against experimental data. The result of the 
modeling approach is a parameterized quantitative 
model, which is connected to the initial EFRs and quanti-
fies them. In the following, the actions during the phases 
are explained in detail.

1.6  System structure modeling

At the beginning of the analysis, an initial understanding 
of the relations of the embodiment and system behavior of 
the impact wrench under investigation is needed as a basis 
for the modeling of the dynamic system. The HILTI SIW 
22-A impact wrench was used in this case study. An initial 
static analysis of the components with the C&C2-Approach 
is conducted and qualitative EFRs are derived. Based on 
these results and experimental data the temporal change 

Fig. 5  Impact wrench in interaction with user and workpiece [23]

Fig. 6  Modeling approach used in the case study
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of the system is modelled as a C&C2-Sequence model 
according to [13]. The model is then transferred into a 
lumped-parameter model in the Matlab® Simscape™ envi-
ronment. The components are modeled as two lumped 
masses and a connecting spring and damper unit. Due 
to the overall high system stiffness, low masses and high 
dynamics, because of the impact, the differential system 
equations are stiff.

2  Parameterization

The geometric parameters as well as the stiffnesses and 
inertias are directly derived from the CAD model or cor-
responding FEM simulations. Damping coefficients, fric-
tion coefficient, and the contact coefficients for the impact 
need to be determined empirically. Therefore, experiments 
to measure the output torque are conducted. The test 
setup used is a torsional Hopkinson bar similar to the one 
employed in an arrangement by Espinosa et al. [27]. The 
original power tool was manipulated to allow preload force 
control by connecting it to the test rig. The tests were car-
ried out with a fully charged battery. The power tool allows 
the user to choose between three power levels, i.e. slow, 
medium, and fast, corresponding with the rotational speed 
of the motor. The impact wrench is axially directly attached 
to the measurement shaft and set to the medium rotational 
speed (12,000 rpm motor speed). The strain gauges applied 
to the measurement shaft are connected to an amplifier 
(Honigmann Tensiotron® TS 621) and the measurement 
data is acquired using a DAQ at 50 kHz. Based on the C&C2-
Sequence model, the simulation model is derived and 
implemented in Simscape™ following the states defined in 
the C&C2-Sequence model. The peak heights and peak dura-
tions are used as objective criteria for identification of the 
parameters for the simulation model. As starting values for 
the identification, parameter values of similar systems from 
the literature are used. Comparing the results of the simula-
tion with the experimental result, deviations can be found 
which lead to an adjustment of the parameter values based 
on the C&C2-Model and the corresponding EFRs. This means 
that if the simulated behavior deviates from the real behav-
ior, the embodiment properties, which are supposed to 
define that behavior in reality, are adjusted in the simulation 
model. For example, if the computed peak height does not 
fit, the contact stiffness and damping might be adjusted. 
Adjustments in parameter values having the expected influ-
ence on the computed results are treated as indicators for 
verification of the underlying EFR. Adjustments that do not 
have the expected influence lead to a more thorough inves-
tigation of the underlying EFR. When the computed results 
sufficiently fit the measured data regarding the model pur-
pose, the parameter identification is completed.

2.1  Model validation

In this case study, model validation is done in two main 
steps. The first step is the validation of the hammer mech-
anism model at a slow and fast rotational speed. There-
fore, experiments with the setup described in Sect. 2.2 
are performed at different rotational speeds (10′000 
and 16′000 rpm motor speed) of the impact wrench. The 
experimental data is then compared to the computed 
data.

The second step is to couple the hammer mechanism 
model with the model of a bolted joint and to compare the 
simulation results with the experimental data. A second 
test setup as described in [28] is based on ISO 16,047 [29]. 
Figure 7 shows this test setup.

The basic principle of the test setup is the long tor-
sional measuring bar, which allows precise measurement 
of torque impacts. Impacts are propagated as structure-
borne sound waves along the measuring bar and are 
assessed completely before the reflected wave arrives [28]. 
The long torsional measuring bar is held by the clamping 
at the one end and at the other end, the bearing support 
is mounted. Decoupling of the thread and bearing friction 
is realized between these parts as shown in more detail 
in Fig. 8.

The impact wrench is depicted on the left. It is con-
nected to the bolt head by a socket. A washer is mounted 
between the bolt head and torque support plate. Between 
this support and the nut, a needle bearing is mounted that 
allows a rotational degree of freedom. This means that 
there is a definite transmission of torque, so the bearing 
and thread torque are measured separately. The torque 
transmitted from the hexagonal bolt head via the washer 
to the plate is absorbed by four torque support arms, 
which allow an axial degree of freedom for the plate. The 
nut is inserted backlash-free into the torsional Hopkin-
son bar. The preload force is measured during tightening 
and loosening of the bolted joint with a strain-gauge-
based force measuring ring (Manufacturer: HBM, Type: 
KMR/100kN). The thread friction torque is measured dur-
ing tightening and loosening by a full bridge strain gauge 
arrangement on the torsional Hopkinson bar (Manufac-
turer: HBM, Type: CEA-06-062UV-350). The strain-gauge-
based signals are amplified using a strain gauge amplifier 
(Manufacturer: Honigmann, Type: Tensiotron® TS 621 HD). 
The total torque is measured during manual loosening of 
the joint based on a full-bridge strain gauge arrangement 
as well. In the experiments, M10 8.8 bolts are used as lubri-
cated by the manufacturer. The data is acquired at 150 kHz 
and filtered during post- processing with a Bessel filter of 
the 5th degree and a cut-off frequency of 20 kHz to reduce 
noise.
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Based on the acquired data the coefficients of fric-
tion of the bolted joint are calculated and are used for 
the bolted joint model. The result of the simulation of 
the hammer mechanism coupled with the bolted joint is 
then compared to the experimental data of the tighten-
ing process.

3  Results and discussion

This chapter describes the results and discussion of the 
conducted case study. Firstly, the results from the pre-
liminary study as a basis for qualitative modeling are 
described. Then, the built-up C&C2 sequence model is 

Fig. 7  Test setup for measuring the dynamic thread friction and bolt preload force [30]

Fig. 8  Decoupling of dynamic 
thread and bearing friction [28]
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shown. Based on this model, parameter identification is 
dealt with, and finally, model validation against experi-
mental data is described.

3.1  Modeling of embodiment function relations 
of the impact wrench

The following chapters describe qualitative modeling 
from its basis in the preliminary study to the definition 
of states, function-relevant elements, and parameters in 
the C&C2-Sequence model. This model is then validated 
by parameter identification in a simulation model, where 
assumptions from the model are checked for their quan-
titative influence on the system behavior.

3.2  System structure model from the preliminary 
study

Figure 9 shows the initial C&C2-Model of one state of the 
analysis. It shows the main channel and support structure 
and the working surface pairs, which are crucial for interac-
tions in the hammer mechanism. On this basis, the state 
changes of the system are modeled.

At the overall system observation level, two operational 
states are differentiated for the described impact mecha-
nism. A torque threshold functions as a trigger for those 
states (compare also Sect. 1.2). The system is in the first 
state when the demanded output torque is below this 
threshold. In this state, torque is transmitted at a nearly 
constant angular speed and the impact wrench works like 
an electric screwdriver. In the bolting application, this state 
is called ‘run-down’. The system switches into the second 
operational state when the threshold is reached and the 

hammer mechanism is activated. While in this state, vari-
ous sub-states emerge, where the system behavior varies 
greatly. This case study focuses on the second state and 
its sub-states.

Experimental investigations show that not always, a 
linear system behavior change occurs but depending on 
the parameters of the process, also different behaviors can 
emerge. Figure 10 shows, for example, a second force peak 
in the data that can occur depending on the parameters in 
the bolted joint and system dynamics. This means that not 
only one impact happens, as is expected, but also another 
one whose causes are unclear.

This behavior was previously investigated using a spe-
cially prepared power tool and a high-speed camera to 
observe the behavior of hammer and anvil (Fig. 10, left 
side) [16].

3.2.1  Building up the C&C2‑sequence model

The identified states of the system are investigated further, 
as a valid simulation model needs to consider this behav-
ior as well. An overview of the resulting C&C2-Sequence 
model derived from the gained insights is shown in Fig. 11.

This sequence model shows six states that can occur 
depending on the operating status of the impact wrench 
and the behavior of the bolted joint. The transitions 
between the States are modeled smooth with regard to 
their physical properties. The first state in this model is 
called spring relaxation. The hammer accelerates in posi-
tive angular direction due to the decompression of the 
previously compressed spring. The second state is reached 
when the acceleration of the hammer is finished. In this 
state, the hammer rotates at an approximately constant 

Fig. 9  C&C2-Model of the hammer mechanism of the impact wrench according to [16]
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speed. The third state shows the impact, where a tan-
gential working surface pair between hammer and anvil 
emerges. In this state, the resulting tangential interaction 
between hammer and anvil creates the output torque with 
an impulse characteristic. The amplitude and duration of 
the impact torque depend on many parameters like the 
moment of inertia, the angular speed, system stiffness, and 
the interactions with the bolted joint.

In the model, three logical sub-states are differentiated 
for the impact. In state 3a, the hammer hits the edge of 
the anvil, in 3b, the anvil is hit partially, and in 3c, a full 
impact occurs. These three states also lead to different 
torque peaks. After that impact, the fourth state starts 
with disbanding of the working surface pair between 
hammer and anvil. The recoil reverses the angular hammer 
speed, which causes the axial movement of the hammer 

Fig. 10  Phenomenon in the preload force of a screw connection fastened by the impact wrench [16]

Fig. 11  Simplified C&C2-Sequence Model of the states of the activated hammer mechanism
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and spring compression due to the interaction between 
the working surface pairs of the ball contact. In the fifth 
state, the hammer is accelerated again, while the spring is 
still compressed and therefore the hammer is also axially 
displaced. From the fifth state, it might also happen that 
another partial impact (state 3b) occurs. This can repeat 
depending on the process parameters until the spring has 
built up a pressure high enough to move the hammer over 
the anvil.

The sixth state can again be differentiated in two logical 
states that differ greatly in their behavior. In state 6a, the 
hammer jumps over the anvil and touches the upper side 
of the anvil, creating friction contact in the WSP. In 6b, the 
hammer jumps over the anvil without contact. After states 
6a or 6b, the sequence is finished.

With the jump-over in states 6a or 6b, the spring starts 
to decompress and the sequence then starts again with 
the first state. Since the anvil and hammer each have two 
180° offset striking surfaces, the sequence is repeated 
twice every 360° mechanical rotation of the drive shaft 
with fixed anvil. An excerpt of detailed models with param-
eters is shown in Fig. 12.

Here, states 5 and 6a are depicted. In state 5 accelera-
tion, the movement of the hammer is in the focus of the 
modeling process. Influencing parameters on the accel-
eration of the hammer are, for example, the mass and 
radial diameter of the CSS hammer or the angular and 
vertical positions of the C1. In the transition to state 6a 

contact in jump-over, new key elements emerge (shown 
in green). C1 dissolves into WSP1 as the anvil becomes 
relevant to the system’s behavior. Here, the contact 
stiffness, friction coefficient, and length are assumed to 
influence the system’s behavior. Being connected to the 
WSP1, the CSS anvil also is modeled with its length and 
mass. The model ends with the Connector C nut, where 
the load torque and stiffness of the screw connection are 
assumed relevant.

Based on this model understanding, the simulation 
model is derived and implemented in Simscape™ follow-
ing the states defined in the C&C2-Sequence model. The 
states are not modeled as discrete states but as a con-
tinuous model, therefore the multibody library is used. 
Figure 13 shows the principal structure of the multibody 
model.

Whereas Jm, Jh, Ja1, and Ja2 denote the mass moments 
of inertia of the motor, the drive shaft, hammer, and anvil 
cms, cds, cs, and ca denote the damping coefficients of the 
motor shaft, the drive shaft, the spring, and the anvil. kms, 
kds, ks, and ka denote the stiffness coefficients of the motor 
shaft, the drive shaft, the spring, and the anvil. Tm is the 
torque delivered by the motor, and Tbh the reaction torque 
of the bolt head. Besides, the shown parameters are addi-
tional parameters of the spring-groove mechanism and 
the impact contact.

Fig. 12  Exemplary parameters in the C&C2-Sequence model of the hammer mechanism
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3.2.2  Parameterization through simulation

For parameterization, the states from the C&C2-Sequence 
model are used together with the parameters in the key 
elements. The qualitative movement of the hammer mech-
anism shown in Fig. 12 creates the basis for the multibody 
model. Here, in state 5, the hammer mass is accelerated 
and in state 6a, the hammer mass jumps over the anvil 
sliding in contact. To parameterize the model in Fig. 14, 
the angular hammer speed over time is shown.

In the figure, the vertical lines divide the impact 
cycle into the states shown in the overview of the C&C2-
Sequence model in Fig. 11. Just after the impact and the 
spring compression in state 5, the spring decompresses 

and accelerates the hammer mass. The main parameters 
in that state are ks and cs, but, as is shown by the C&C2 
Model of this state in Fig. 12c, they are not the only ones. 
Looking at the connector  CT, it can be seen that also the 
properties of the transmission and the motor affect the 
acceleration behavior. Although these properties also have 
an influence, this state should mainly be used to define 
ks and cs, because to parameterize the properties of the 
transmission and the motor model, for example, the initial 
ramp- up sequence of the system can be used.

In the transition to state 6a, a new WSP emerges. 
Therefore, other parameters are the main parameters in 
this state. In particular, the length of WSP1 (see Fig. 12) 
together with the current speed of the drive shaft define 

Jm Ja1 Ja2

Tm T bh

kms ka

cms ca

planetary gear
i~8

kds

cds

Jh

ks

cs

spring-groove
mechanism

impact contact

Fig. 13  Multibody model of the impact wrench

Fig. 14  angular hammer speed over time during one impact cycle
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the duration of the state, which itself is an important 
property since it also influences the following durations. 
Also, the vibration seen during that state reflects on sev-
eral other parameters like the stiffness of the driving sys-
tem, the spring, and the friction in WSP1 (see Fig. 12), 
which gives information which can be used for further 
parameterization.

During the parameterization process, assumptions 
regarding the underlying EFRs of the C&C2-Sequence 
model were checked. Here, for example, it was found 
that the material damping as well as the frictional damp-
ing have a significant influence on the shape of the 
torque pulse. High damping to stiffness ratios lead to tri-
angular pulses. Figure 15 shows the result of the param-
eterization. The measured data of the impact torque at 
a medium rotational speed was used for the iterative fit-
ting of the simulation results to the experimental data. 
The test setup was modeled in the simulation and to 
obtain comparable results.

It can be seen that the impact duration and height 
of the computed data fit the experimental data well. 
Additionally, the shapes of the impulses seem to be 
very similar. Differences can be seen in the overlaying 
high-frequency vibration during the impact and in the 
abatement after the impact.

3.3  Experimental validation of the built‑up 
simulation model

The validation of the hammer mechanism simulation 
model is based on experiments with different rotational 
speeds. For the three rotational speeds, three experi-
ments were conducted. In total, more than 200 impacts 
per speed were measured, because the speeds differ and 
due to slightly different experiment lengths, the number 
of observations differs. Figure 16 shows exemplary results 
of the experiments in comparison to the simulation results, 
and Table 1 shows the means and standard deviation for 
the three speeds.

It can be seen that at both rotational speeds, the peak 
height and duration fit well, while the peak height varies 
between the three different speeds (compare Fig. 15). The 
abatement fits for the slow speed even better than for the 
medium speed (Fig. 15), while there is a discrepancy for 
the fast speed. The shape qualitatively fits the experimen-
tal data, too.

The next step in model validation is the comparison of 
the hammer mechanism coupled to a bolted joint model 
to experimental data. An experiment is conducted using 
the test setup described in Sect. 2.3. The measured coef-
ficient of friction of the loosening process is used as a 
parameter in the bolted joint model. A value of µ = 0.0923 
was measured and used for the static as well as the sliding 

Fig. 15  Impact torque of the 
hammer mechanism at a 
medium rotational speed after 
model parameter identification
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friction. The velocity-dependent viscous component of the 
friction is used as a free parameter for simulation at the 
medium speed to consider the occurring sliding speeds 
between the frictional surfaces. It was determined to 
amount to 0.6 Nm/(rad/s). Figure 17 shows the comparison 
of the simulation with the experimental data based on the 
course of the preload force over time.

The time that is necessary to reach 25 kN is nearly the 
same for both results. Both curves show a logarithmic 
shape, whereas simulation starts slightly steeper and 
ends slightly steeper with a lower gradient. Whereas the 
slope of the preload force rises smoothly at the beginning, 
becomes higher, and becomes smoothly lower at the end 
again. Furthermore, it should be noted that the speed of 
rotation in the simulation is 25% lower than that in the 
experiment. This means that although the torque impulses 
have a lower height, they lead to a higher force increase 
in the simulation. Hence, the variation of the gradient 

in the experiment is more complex than represented in 
the model. To find a possible reason for this discrepancy 
in Fig. 18, a comparison of the dynamic thread torque 
between the experiment and the simulation is shown.

The plot shows that from the beginning of the process, 
the maxima of the thread torque in the experiments rise 
smoothly until they reach a steady level. Whereas in the 
simulation, the maxima of the thread torque are constantly 
high. The course of the static thread torque (mean value 
between impacts) in the simulation is very similar to the 
course revealed by the experiment.

4  Discussion

A structured qualitative parameterization with the C&C2-
Approach as a basis for the simulation model of the ham-
mer mechanism support joint simulation with a bolted 
joint model. Consideration of the relevant parameters and 
necessary simplifications by aligning the simulation model 
to the C&C2-Sequence model of the hammer mechanism 
was implemented. In the following iterative parameteriza-
tion of the simulation model, targeted adjustments to the 
parameter values were possible. In this process, indications 
for true as well as for false EFRs were collected and thus, 
additional system knowledge was built.

Due to the parameterization based on the EFRs, the 
results of the model validation show a broad range 

Fig. 16  Impact torque of the 
hammer mechanism at a slow 
(top) and fast (bottom) rota-
tional speed

Table 1  Means and standard deviations of the measured torque 
peaks at different speeds

speed Number of 
impacts [-]

Mean value [Nm] Standard 
deviation 
[Nm]

slow 366 115.5 10.6
medium 859 192.2 20.6
high 1016 209.0 26.1



Vol.:(0123456789)

SN Applied Sciences (2021) 3:128 | https://doi.org/10.1007/s42452-021-04149-8 Research Article

of validity in relation to the rotational speed, which is 
shown in Fig. 16. The coupling of the hammer mecha-
nism model with the bolted-joint model lead to a 

good result during application of the preload force, 
see Fig. 17, which indicates a good model quality and 
shows that the right parameters were chosen. The stated 

Fig. 17  Comparison of experi-
mental and computed data at 
the medium speed level

Fig. 18  Comparison of experi-
mental and computed thread 
torques during tightening of 
a bolted joint with an impact 
wrench
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differences between the simulation and the experi-
ment can be unraveled to issues in the representation 
of the embodiment and its behavior. For example, the 
smoother increase in preload force in the experiment 
might be due to the alignment between the WSPs per-
pendicular to the preload force, which is not represented 
in the model. Another aspect was shown by the meas-
ured deviation in the course of thread friction. Therefore, 
it might be stated that the model needs to be refined 
to better represent the interactions in the WSP in the 
bolted joint. A correct representation of the WSP inter-
actions is required to be able to describe the EFRs in the 
whole system model.

In contrast to other research work using, for example, 
multi-objective algorithms for parameter identification 
[24], the C&C2-Sequence model is used for parameter iden-
tification. Thus, the approach connects qualitative results 
on the EFR of the analysis with the simulation model.

The qualitative definition of system states through the 
C&C2-Sequence model enabled a structured parameteri-
zation of the simulation model, as the system analysis 
could be focused on single states instead of considering 
the whole sequence. When the unknown system behavior 
was identified, the C&C2-Sequence model was extended 
and the additional states could be integrated into the 
simulation.

In this case study, the hammer mechanism model was 
parameterized using the medium rotational speed. The 
simulation results were valid for the two other rotational 
speeds, regarding peak height and duration, as well as 
the simulation together with the coupled bolted joint 
model. This indicates a broad validity range of the model 
based on the detailed insights into the causes of the sys-
tem’s behavior. However, as this was not in the focus of 
the investigation, no statement is possible as to whether 
this validity range could also have been reached using dif-
ferent approaches. During the modeling process, many 
insights were implemented into the simulation model 
and can be traced back to assumptions made in qualitative 
modeling. Therefore, it can be stated that this modeling 
approach is suitable for modeling systems with complex 
dynamic behavior. However, this statement is based only 
on the investigation of the impact wrench. Transferability 
has to be investigated for other cases of dynamic systems 
modeling.

While modeling states of a dynamic system, a limita-
tion of the C&C2-Approach was identified, as the states 
mostly did not change through emerging or disband-
ing key elements but through massive changes of their 
properties, such as moving direction, acceleration, etc. 
Emerging and disbanding key elements can be displayed 
clearly, however, there are no defined elements to visualize 
changing of the properties, especially if the properties are 

state-bound. The colored arrows are used often (see also 
[12]), however they are not defined in the C&C2-Approach.

5  Conclusion

The parameterization of a simulation model through quali-
tative modeling of EFRs by using the C&C2 Approach sup-
ported in the conducted case study in system analysis of 
the dynamic behavior of an impact wrench. Qualitative 
modeling supported parameter identification through 
visualization of the system’s EFRs and enabled the trace-
back of parameters to assumptions made by the design 
engineers in model building.

With the simulation model, the real dynamic system 
behavior was modeled with an initial sufficient precision. 
Weaknesses in the frictional behavior were found and pos-
sible causes in the system’s embodiment were assigned 
using the C&C2-Model. Future research will address these 
model issues. To improve modeling of the impact mecha-
nism, a parameter study based on Design of Experiment 
might be conducted. On this basis, the range of applica-
tion for impact wrenches might be increased someday 
through better prediction of the preload force of a bolted 
joint based on simulation models of the power tool and its 
environment. A limitation of the C&C2-Approach in mod-
eling changes of properties has been discovered, which 
creates potential for further research into modeling of 
dynamic system behavior. As the results of this research 
are based on a case study, generalized statements are dif-
ficult to derive. For improvement of the external validity of 
the structured approach, investigation of other dynamic 
systems is required. To improve the internal validity and 
identify causal relations, this approach needs to be trans-
ferred into a controllable investigation environment. The 
development of this environment is a major challenge, as 
a close-to-reality development scenario has to be broken 
down into manageable parts that enable purposeful inves-
tigation. This challenge will be addressed in the future.
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