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Abstract

Background: Impact wrenches are widely used in construction and automotive industries, yet they
generate harmful vibrations that pose health risks to operators and reduce tool usability. Methods:
A practical, low-order bond graph model of impact-wrench dynamics is developed, capturing inter-
actions among the motor, hammer, anvil, and hand/arm constraints. The model is validated against
measurements during bolt setting in a steel plate. Results: Predictions match measured RMS accel-
erations and spectral modes up to 200 Hz with errors within 11%. Analysis attributes the dominant
vibration sources to rotational and translational impacts between the hammer and anvil; notably, the
translational (z-axis) impact contributes substantially to felt vibration while not being required for
bolt tightening. Conclusions: The model provides physical insight into vibration origins and supports
actionable design decisions (e.g., eliminating the linear impact, adding rotational damping/control)
consistent with ISO 28927-13:2022 testing practice.

Keywords: impact wrench; bond graph; power tool; hand—arm vibration; vibration mitigation; system
dynamics; mechatronics; electromechanical systems

1. Introduction

The impact wrench (driver) is used in construction, automotive, and many other industries to
tighten bolts. These devices are required to achieve higher torque and speed than with hand tightening.
The functioning of an impact hammer is described by Matthiesen et al. [1]. The impacts that this tool
generates repeat at approximately 42 Hz. These vibrations pose serious health risks to operators of
such power tools. A public health practice paper [2] outlines the clinical signs of hand-arm vibrations
(HAV) syndrome: blanched fingers, tenderness or pain and swelling of the fingers and forearm
tissue, paresthesia or tingling in fingers, cold intolerance, weakness of the finger flexors or intrinsic
muscles, loss of muscle control, reduced sensitivity to heat and cold, discoloration and trophic skin
lesions of the fingers, and loss of manipulative dexterity and finger coordination. A study by Per
Vihlborg et al. [3] found an association between vibration exposure and HAV symptoms (HAVs) in the
Swedish mechanical industry. Workers exposed to HAV have a 4-5 fold increased risk of vascular and
neurological diseases [4]. Animal models have been used to replicate the damage caused by HAVs [5]:
in a field survey it was found that 15% of power tools exceeded the action limits according to applicable
standards [6]. Mazaheri et al. [7] show that the industry still needs to develop stricter standards for
vibration limits. There is significant evidence that the manufacturers’ declared vibration values are
underestimated [8]. Recent exposure and dose-response studies further motivate reducing HAV in
practice [9,10]. Most papers provide methods for assessing the exposure of vibrations produced by
power tools or modeling of the hand—arm vibrations. This paper develops and validates a low-order
model for illustrating the major contributing components of vibrations of impact hammers. Prior
work has used finite element models to estimate impact coefficients [11]. Here, comparable results are
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obtained using bond graphs. This work differs from other studies and solutions in that it provides
a low-order model for assessing the origins of hand—arm vibrations. This model can be used to test
the relative efficacy of vibration control concepts. The bond graphs provide a level of abstraction that
yields an understanding of the fundamental architecture of the system. This abstraction helps find and
test possible solutions. The model was validated using the procedure shown in Figure 1.

Related Work and Contribution. Beyond finite-element approaches for impact modeling [11], a
large body of work on biodynamic models of the human hand—arm system exists [12]. System-level
identification of electric impact wrenches has also been explored [13]. In contrast to high-order FE,
physiological, or ID-only models, the proposed physics-based low-order model targets rapid, system-
level design exploration of the impact wrench as an electromechanical system, reproducing axis-wise
RMS and spectral characteristics relevant to ISO 28927-13 while remaining simple enough to guide
mechanism-level changes.

Full System
Schematic
Model
Impact Driver |~
Validation . . Grip
User Parameters Simulation 14— Constraints
Y v
Experimental - X
Testing Simulation
Data
v
Validation
Data
no

yes

Model
Validated

Figure 1. Flow diagram of procedure.

2. Model Development

Bond graphs were used to develop component models and then assemble the component models

into an overall system model. Bond graphs are a pictorial representation of all types of dynamic systems
interacting in multiple energy domains. Ref. [14] describes bond graph modeling and development.
All the bodies are assumed rigid and contacts are represented by a linear stiff spring and damper. The
model is limited to systems with similar dimensions and power. Figure 2 shows the tool mass, m;, the
battery mass, 11, the total mass, g, vertical distance from tool centerline to center of gravity (CG),
leg, vertical distance from CG to battery, lbg/ vertical distance from CG to grip location, l¢y, horizontal
distance from CG to grip location, I, horizontal distance from tool tip to CG, I;g,. The sensor is
located by vertical and horizontal distances from the CG. These can vary based on the location of the
Sensor.
Assumptions and Limitations. The tool is modeled as an assembly of rigid bodies with impacts
represented by linear spring-damper contact elements. Small angular motions are assumed for the
rigid-body coupling in Figure 4. Hand /arm interaction is represented using lumped linear translational
and torsional constraints tuned to the literature, rather than a detailed physiological (distributed)
model. As such, the model is intended for rapid, system-level design exploration and does not capture
detailed structural flexibility, high-frequency modes beyond the validated range, or tooth-level contact
mechanics.
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Figure 2. Schematic of impact hammer with coordinates and lengths identified.

Figure 3 shows the dynamic components of the impact hammer. The battery-powered electric
motor of mass, m;,;, and moment of inertia, ;, drives the rotating shaft at angular velocity ws, through
a reduction gearbox of ratio, gp. The shaft has a slot at its end with a trapped ball that rotates the
hammer of mass, mj,;;;, and rotational inertia, Jj,,,- The hammer then strikes the anvil of mass, #1,;,
and rotational inertia, Jsu0, such that the rotation of the hammer is virtually stopped. When this
happens, the shaft continues to rotate and the ball-and-slot mechanism lifts the hammer until the
hammer clears the anvil and rotates again. The ball/slot has a prescribed angle relative to the shaft
and is represented here as a modulus, my, specifying the rise of the hammer per rotation angle of the
shaft. As the hammer is lifted, it compresses the spring of stiffness, ky,,,, and damping, by,,,, and then
when the hammer clears the anvil the spring pushes the hammer back towards the anvil. The hammer
continues to rotate and move downward until it strikes the anvil at a location 180° from the initial
strike. As a result of the strike from the hammer onto the anvil, the anvil advances in the direction of
the strike by some number of degrees depending on the load on the anvil. This is the basic operation
of the impact hammer.
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Figure 3. Schematic showing the internal dynamic elements of the impact hammer.

The impact between the hammer and anvil is a major source of vibration felt by an operator of
the tool. Additionally, the compression and extension of the hammer spring also provides significant
forcing on the tool. Ideally, the downward motion of the hammer after it clears the anvil would have
the hammer reach the ‘floor” of the hammer just as it strikes the anvil the next time. In reality this
rarely happens and the hammer can either impact the hammer floor prior to striking the anvil thus
producing more unwanted vibration or it can miss the next strike completely by not being lowered
sufficiently quickly during some part of the operating cycle. All of these potential scenarios are part of
the dynamic model being developed here.

Impact between moving dynamic elements has been a research topic for many years. The work
in [11] is indicative of the history of impact models. For the model here, impact is represented by a
very stiff spring and damper, k, and by, that are activated when the relative displacement between
the impacting bodies is less than a specified amount. Related torsional-impact modeling and stiffness
estimation for impact wrenches further supports this formulation [15], as do studies of energy/torque
exchange during tightening [16]. The stiffness is determined through numerical experimentation and
considered stiff enough when the displacement across the impact spring is less than a fraction of a
millimeter. In this development, impact between the hammer and anvil, and between the hammer and
“floor” are both included.

Figure 4 is a bond graph fragment for the rigid body dynamics of the tool as a whole. Body-fixed
coordinates are used as indicated in Figure 2. Gyroscopic coupling of the coordinates is considered,
and small angular motions are assumed.
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Figure 4. Bond graph fragment of the rigid body dynamics using body fixed coordinates.

Figure 5 shows a back view of the hammer as it rotates towards the anvil. The velocity at the
center of the hammer has been transferred from the center of gravity (CG) of the tool as indicated in
Figure 2. The horizontal and vertical center velocity components, On,s Op,, are then transferred to the
hammer tine and then aligned in the tangent direction. The difference in the tangent direction velocity
of the hammer and tangent direction velocity of the anvil is the relative velocity across the impact
spring and damper. This construction is shown in the bond graph fragment of Figure 6.

< >

Vx +lag;u)y-lcgcoz=vhh

Back view of hammer

Figure 5. Back view of the hammer as it approaches the anvil for impact.
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Figure 6. Bond graph fragment coupling the rigid body kinematics with the hammer/anvil interaction.

In simulation, the hammer angle, ¢y, is tracked and when it is within 1° of ¢, impact is
initiated. The impact advances the anvil depending on the retarding load specified on the anvil. Note
that when testing the impact hammer, the anvil is often constrained to not move, i.e., the load on the
anvil is infinite. This test condition is one of the simulations documented here.

The bond graph fragment in Figure 7 shows the motor/hammer interaction and uses a motor
torque as the input to the motor inertia, J;,o¢. In the simulation, a simple controller keeps the motor
angular velocity, wyet, nearly constant unless motor control for vibration reduction was required.
The motor angular velocity is reduced through the gearbox, g,, and the difference between the shaft
angular rate, wgy, and the hammer angular rate, wy,,,,, determines the vertical velocity of the hammer
and is an input to the hammer spring. This is represented by the transformer, my. At the bottom of
Figure 7 is the anvil inertia and this is where the bond graph fragment from Figure 6 is attached.

Figure 7 also shows the interaction with the grip restraints indicated in Figure 2. Not shown in
Figure 7 is the interaction with torsional constraints at the grip location and the restraints at the tip of
the tool. The bond graph representation for these additional restraint elements is very similar to that
for the grip constraints shown in Figure 7.
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Figure 7. Bond graph fragment showing the dynamics of the hammer spring and the interaction with the
hand/arm constraints.

Causality has been assigned to the bond graph fragments of Figures 4, 6, and 7 and the state
variables are dictated by the energy storage elements (I's and C’s) in integral form. The state variables
are identified here as:

The first-order form of the state equations for these state variables is derived directly from the
bond graph, Figure 8. Collecting the states into a vector x and inputs (e.g., motor torque) into u, the
model can be expressed in the standard first-order form x = f(x, u; p) where p denotes the parameter
set in Table 1. Sample code of the model is given in Appendix A.

Table 1. Key model parameters used in simulations.

Quantity Value

Motor nominal speed, W ,t0 13500 RPM (validated)

Gear ratio, gp 1/10.29

Hammer mass, my,;, 0.18 kg

Hammer spring stiffness, kj,y, 70 kN/m

Hammer spring damping ratio, { 4

Impact stiffness (hammer/anvil), k,, set via Wpap,imp = 277 - 1200 rad /s
Anvil inertia, [0 1.5 x 10.5 x 10~° kg m? (load-modified)
Grip translational frequencies (x,y,z) (70, 55, 120) Hz

Tip translational frequency 0 Hz (free spin)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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PP P momentum of c. g. in the x, y, z directions

pJ.pl ,pJ. angular momentum about the x, y, z directions

. angular momentum of the motor inertia

Py angular momentum of the hammer inertia

pJ,. angular momentum of the anvil inertia

q..9..9. displacement of the grip restraint springs

49, 9. 9. angular displacement of the grip restraint torsional springs
Gr.sGr,sGr- displacement of the tip restraint springs at the tool end

Groome displacement across the hammer spring

q,.. displacement across the "floor" spring at bottom of hammer
q,-4, displacement of the impact spring between hammer and anvil
Zpim displacement of the hammer

. angular displacement of the hammer

¢, angular displacement of the anvil

Figure 8. First order states.

3. Impact Dynamics

The key dynamics of the impact hammer come from the impact between the hammer and
anvil and the impact between the hammer and the "floor” of the hammer. Both of these impacts are
modeled using very stiff impact springs with stiffness chosen through numerical simulation. For the
impact between the hammer and anvil the state variables, ¢, and ¢,,», are monitored and when
Prel = Pram — Panv is less than 1° the impact spring is engaged and remains engaged until ¢,,; is greater
than 1°. The displacement of the hammer, zj,,,, is also monitored and if zj,,, becomes greater than
the height of the anvil, the impact event is terminated. It is possible for the impact spring to be struck
multiple times for a single impact event. It is also possible, following an impact event, for the hammer
not to be below the anvil height after rotating 180° and thus an impact event is missed. This logic is
carried out for the 2 possible impact events per 360° rotation of the hammer.

By monitoring the displacement of the hammer, zj,,,, the impact with the floor spring can be
determined. If the hammer displacement becomes less than 0 (hammer below the floor level), the floor
impact spring is engaged and remains engaged until the hammer is no longer below the floor level.
The floor impact spring stiffness was determined through numerical experimentation and declared
stiff enough when penetration of the floor was less than a fraction of a millimeter.

Note that some damping was also part of the impact events and was chosen to reduce the 'ringing

7

that accompanies inertias interacting with stiff springs.

4. Results

The first-order state equations were simulated using MATLAB. Parameters were representative of
an impact hammer such as a Milwaukee M18FHIWF12-502X or Hilti SIW 6AT-A22. A simple motor
controller was implemented to maintain a prescribed rotational speed of 13,500 RPM. The parameters
for the grip constraints were tuned as best as possible to be representative of the hand /arm stiffness
and damping. The tuned parameters were in the range of common values found in the literature [12].

In the first simulation a load was prescribed that allowed the anvil to rotate and come to rest
with each impact event. Figure 9 shows the rotational angle of the hammer and the rotation of the
anvil for the 2 impact events per full rotation of the hammer. This matches the expected interaction of
the hammer and anvil teeth. The anvil teeth move in unison and they advance with the slope of the

hammer movement.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 9. Angular rotation of the hammer and anvil due to repeated impact events.

Figure 10 shows the longitudinal motion of the hammer that results from the impact events. At t
=0, the hammer strikes the anvil floor at height zero. Then the hammer rebounds just over 1 mm. This
process repeats continuously at approximately 32 Hz. The tool was observed to run at 42Hz under
zero load. After testing under load the tool was observed to run at 32Hz.
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Figure 10. z-direction, longitudinal hammer motion resulting from the impact events.

Figure 11 shows the impact forces in the hammer return spring and in the impact spring at the
hammer floor. In this simulation, the impact with the floor produces much larger forces than the
force due to raising and lowering of the hammer spring. For this simulation, the vibration felt by
the operator is primarily due to the hammer "bottoming’ rather than the compression of the hammer

spring.
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Figure 11. Force in the hammer spring and the “floor” impact spring.
Figure 12 shows the impact spring displacement between the hammer and anvil. The displacement

is a fraction of a millimeter. For the negative displacement the impact spring stiffness and damping
are set to zero as can be seen in Figure 13 for the force in the impact spring.

3X104| . . . . . . .
impact 1

o | impact2_

€

Rl |

§

8, bhbbhbhb bbbk bbbk bbb bbbk Rk bR bR

%

2

=T 1

a

S

g-2f I

E

3F 7

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time, s

Figure 12. Displacement of the impact spring between hammer and anvil.
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Figure 13. Force in the impact spring/damper between hammer and anvil.

In the next simulation, the anvil is held fixed and does not advance upon impact. This is
considered to be the test configuration and is used here for model verification. Figure 14 shows the
z-direction, longitudinal motion of the hammer. In this simulation the hammer overshoots the anvil
considerably and shows cycle to cycle variation.

z-ham/z-ham-max

02 . . . . .
0 0.1 02 03 04 05 06 07 08 09 1

Time, s
Figure 14. z-direction, longitudinal hammer motion resulting from the impact events for test configuration.
Figure 15 shows the impact force between hammer and anvil for this test configuration. Compar-

ing Figure 15 to Figure 13, the impact forces are much larger for the test configuration and much more
erratic.
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Figure 15. Impact force between hammer and anvil for the test configuration with anvil stationary.

Figures 16, 17 and 18 show the frequency decomposition of the acceleration predicted at the
sensor location in the three orthogonal directions. The acceleration signal was low-pass filtered prior
to computing the frequency distribution. This is typical of the signal processing done when testing
impact tools.
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Figure 16. Frequency distribution of the longitudinal z-direction acceleration at the sensor location.
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Test data were available for an impact hammer. The comparisons to predictions are shown next.

5. Model Verification
5.1. Test Setup:

The testing setup, Figure 19, is for the worst-case (highest vibration) scenario, similar to [17]. A
new M20x40/8.8 bolt was threaded into a steel plate 20 mm thick. The bolt was bottomed out so
as to no longer rotate while tightening. The impact wrench was held with the z-axis in the vertical
direction. A 5000 g three-axis accelerometer was used to sample the signal. The sensor was mounted
at the point on the handle where the thumb and index finger meet as per test standards. The signals
were processed through a 30 kHz filter before recording. A sampling rate of 2 x 107® s was used. Tests
were performed for 8-10 s. A steady signal of 5 s was extracted for characterizing the user test.
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Figure 19. Test setup layout.

5.2. Model Tuning:

The model has inputs for motor speed under load and two attachments (tip and handle) to the
outside world that are tuned to match the test sample. The motor speed is tuned by matching the
first mode of the frequency spectrum (42 Hz). The tip is tuned to be rigid in the x-, y-, and z-axis
translational directions and free in rotation. The user hand forces (handle) are modeled by x-, y-, and
z-axis translational and torsional spring-damper systems as shown in Figure 1. The frequencies of the
systems are tuned to match each of the five different user grip forces. The model was run for a sweep
using the frequency parameters (w): x-axis: 1,9, 17, 25 Hz; y-axis: 30, 34, 38, 42 Hz; z-axis: 60, 84, 108,
132 Hz. The spring constant, k, the damping constant, b, torsional spring constant, k., and torsional
damping constant, b, are defined as:

k:mcg*(Z*n*aJ)z 1)
b=2%0.7% (2% 7m*w)*meg )
ke :]Cg*(Z*n*w)z 3)
br =2%0.7% (2% 7T % w) * Mg 4)

The RMS accelerations in their respective directions (x, y, and z) for 5 s are compared to the test
sample (Table 2). The closest RMS match for frequency values (Table 3) in each respective axis was
used (Table 4). Closer matches could be found if a finer sweep were performed. The matches found
were within the standard allowable tolerance of +15% error in the RMS for each respective axis (Table
5).

Table 2. RMS Accelerations User Tests (Fixed anvil during 5 second samples measured in g’s).

Sample # x-axis y-axis z-axis
1 0.58 0.51 0.88
2 0.59 0.40 0.65
3 0.65 0.46 0.61
4 0.53 0.40 0.49
5 0.47 0.43 0.51
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Table 3. Model User Parameters (Hz): Frequency tuning values for each model for each test sample.

Sample # x-axis y-axis z-axis
1 17 30 60
2 2 42 90
3 2 34 95
4 9 38 132
5 17 38 132

Table 4. RMS Accelerations Model Simulations (Fixed anvil during 5 second samples measured in g’s).

Sample # x-axis y-axis z-axis
1 0.57 0.51 0.93
2 0.59 0.41 0.72
3 0.62 0.48 0.68
4 0.52 0.40 0.52
5 0.47 0.40 0.52

Table 5. Errors between User tests and model simulations (Fixed anvil during 5 seconds measured in g’s).

Sample # x-axis y-axis z-axis
1 -0.02 0.00 0.06
2 0.00 0.02 0.11
3 -0.05 -0.02 0.00
4 0.04 0.00 0.06
5 0.00 -0.07 0.02

5.3. Spectral Amplitude Frequency Distribution

The spectral amplitude frequency distributions in their respective directions (x, y, and z) for 5
s are compared between the five test samples and the tuned model (Figures 20, 21, 22, 23 and 24).
The frequency modes up to 200 Hz are compared. The first 4.5 modes are present in the frequency
distribution between 0 Hz and 200 Hz. The test signal contains noise due to the signal amplification.
The comparison shows that each mode (approximately 42 Hz) and each half mode are accurately
represented by the model. The relative magnitudes of each mode deviate between the test samples
and the model. This likely stems from the difference in damping between the real system and the
estimates necessary when modeling a system. Further tuning of the damping parameters of the model
could alleviate this discrepancy. This is not a necessary step to compare different vibration reduction
strategies.

6. Discussion

The validated, low-order model captures both RMS accelerations and modal content up to 200 Hz
with errors within 11%, which is sufficient for comparative design evaluation. The results indicate that:
(i) the translational (z-axis) impact is a dominant contributor to perceived vibration while not essential
for tightening; (ii) rotational impacts can be mitigated via damping or control without compromising
function [18]; and (iii) realistic hand /arm coupling is crucial to reproduce axis-wise spectra [19,20].
Practically, the model predicts axis-wise RMS values and spectral peaks prior to hardware builds,
supporting pre-compliance iteration against ISO 28927-13 and aligning with historical ISO 8662-7
procedure development [21]. Design changes suggested by the model include removing the linear
impact path, increasing rotational damping, and tuning hand /handle impedance through geometry or
compliant interfaces.
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Figure 20. User test vs model tuned to user sample 1.
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Figure 21. User test vs model tuned to user sample 2.
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Figure 23. User test vs model tuned to user sample 4.
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Figure 24. User test vs model tuned to user sample 5.

7. Conclusions

The tuned model RMS acceleration over 5 s matches the validation data in the x-, y-, and z-axes
with near-perfect agreement (<11%) in each of the five test cases. A perfect match would be attainable if
the hand input parameters were further tuned and more sophisticated modeling of the hand/arm were
performed. A perfect match is not necessary since the user hand force variability is much larger (>15%)
than the deviation of the model from the test data. It would be advisable to use several variations of
the hand input tuning parameters to capture an accurate representation of real-world HAV.

This model shows that the major component of the HAV originates from the impact of the hammer
on the anvil in the z-axis. This is notable because the force required to tighten the bolt occurs only in
the x- and y-axes. It is conceivable that a vibration mitigation solution that reduces or eliminates the
z-axis vibrations would not affect the hammering performance. This model can now be confidently
used to analyze the effectiveness of vibration reduction concepts. Future work could capture the wave
of frequencies that are visible in the test data below 20 Hz. This would mainly come from tuning the
damping in the model.

Industrial Relevance.

The proposed low-order model provides a fast, insight-oriented tool to iterate power-tool mecha-
nisms and handle interfaces before building hardware. The model predicts axis-wise RMS accelerations
and spectral peaks aligned with ISO 28927-13, enabling designers to down-select mitigation strategies
(e.g., eliminating the linear impact, adding rotational damping/control, tuning handle impedance)
with quantitative expectations for reduction in HAV exposure and improved user comfort.
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Abbreviations

The following abbreviations are used in this manuscript:

HAV  Hand-Arm Vibrations

I Inertance

C Capacitance

R Resistance

RMS  Root Mean Square
g gravity

Appendix A Example Code of Model

%Model of an electric impact wrench

%The model has a controlled electric motor, motor inertia, gear reduction
%to a shaft speed, hammer with one striking surface, and an anvil

%with 2 striking surfaces. There is kinematics when the hammer strikes the
%anvil and hammer lifts against a restraining spring and then is driven
%downward to impact the "floor" of the anvil. The anvil has a specified

%load and incrementally is rotated with each hammer impact.

%There are contraints added at the grip location to represent the hand in
/mutually perpendicular directions.

%The same is true at the anvil end of the tool. This simulates the lateral
Jrestraint of a bolt head.

clear all; close all;
g=9.8;

lZ,para_meters K ok ok ok ok ok ok ok ok ok ok 3k ok ok 3k ok ok ok 3k ok ok 3k ok ok 3k ok ok ok ok ok ok 3k ok ok %k ok ok ok ok ok %k k

m_tot=2.;
m_mot=.2*m_tot;
r_mot=1%.0254;
J_mot=15.e-6;
w_mot_0=18000%2*pi/60;

TC_mot=1000000;

btau_fric=0*J_mot/TC_mot;

g_p=1/10.29;
m_ham=.18;
m_anv=50/1000;
r_shaft=9/1000;
r_ham=27/1000;
J_ham=70.e-6;
r_anv=20.5/1000;
J_anv=1.5%10.5e-6;
%J_anv=10.5e-6;
%J_anv=1.e20;

%btau_load=J_anv/.0005;
btau_load=1*J_anv/.005;
m_theta=.0133/2.359;
y_ham_max=4/1000;
m_bat=1.5;

Distributed under a Creative Comr

%kg, mass of the tool

%mass of the motor, a guess, and not explicitly used here
%radius of the motor,a guess, and not explicitly used here
%kg-m~2, inertia of the motor

%RPM to rad/sec operating speed of the motor 13500

%Note: the operating speed is specified at

%18000 RPM but the test data indicates that

%the motor is operating at a lower speed

%during the test

/%time constant to set motor damping

Jmotor friction, currently set to zero

%planetary reduction gear pack

%kg,hammer mass

%kg, anvil mass

%m, shaft radius

%m, hammer radius

%kg-m~2, hammer inertia

%m, anvil radius

%kg-m~2 anvil inertia and modified to represent a load
%Anvil inertia when simulating free spin

%Anvil inertia when simulating test condition with the anvil not
J%rotating

%Something to decelerate the load after a strike

%For simulating Free spin the anvil damping is reduced
/hammer rise per shaft rotation, m/rad

% m, height of anvil that must be cleared by hammer after a strike

%kg ‘mass of battery

CC BY license.
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1_cg=74.3/1000; %m, distance from cg to tool centerline
L_t=1_cg*(m_bat+m_tot)/m_bat; Jlength of tool from C/L to battery at bottom
1_bg=L_t-1_cg; %m, distance from cg to battery guess right now
J_cg=.026; 7%kg-m~2, inertia of tool about the longitudinal axes

%(roll moment of inertia)
m_cg=m_tot+m_bat; %kg, total mass of the tool

%Included some torsional restraint about the longitudinal axis at the grip
%location. Note that this can be combined with torsional stiffness and
%damping below called ktau_xyz

wtau_grip=2*pi*60;

ktau_grip=J_cg*wtau_grip~2;

btau_grip=2*.5*wtau_grip*J_cg; %torsional restraint at output point

%Restraint location parameters.

w_xyz_long=2xpi*120; %longidudinal (z-axis) restraint at the ouput point,
W_Xyz_tran=2%pix70; %transverse (x-axis) restraint at the ouput point
W_XyZ_vert=2%pix55; %vertical (y-axis) restraint at the ouput point

%set restraint stiffnesses and damping based upon the specified frequencies
k_xyz_long=m_cg*w_xyz_long~2; b_xyz_long=2%.7*w_xyz_long+*m_cg;
k_xyz_tran=m_cg*w_xyz_tran~2; b_xyz_tran=2*.7xw_xyz_tran*m_cg;

k_xyz_vert=m_cg*w_xyz_vert~2; b_xyz_vert=2%.7xw_xyz_vert*m_cg;

%set torsional stiffness and damping at the grip

ktau_xyz=J_cg*w_xyz_long~2; btau_xyz=2%.01l*w_xyz_long*J_cg;

J_y= .032; %kg-m~2, pitch moment of inertia (around the transverse, x- axis)
J_z=.076; %kg-m~2, yaw moment of inertia (around the vertical, y-axis)

%Location of the restraint spring/dampers in longitudinal, vertical, and
%transverse directions with respect to the c. g

1g_v=0/1000; %m, vertical
1g_h=54/1000; J%m, horizontal
lag_h=101/1000; %m, longitudinal distance from anvil to c. g.

%location of the sensor from the cg
1s_h=54/1000; %m, horizontal from the c. g.
1s_v=19.3/1000; %m, vertical from the c. g.

%location of TIP OF TOOL from the cg

%l_cg, cg to centerline of tool, given above

%lag_h, cg to tip of tool longitudinal direction, given above

w_xyz_T=2%pi*100; %xyz restraint at the ouput point. This value basically keeps
%the tip of tool from moving laterally

w_xyz_T=0; Y%*xfree spin**
k_xyz_T=m_cg*w_xyz_T"2; b_xyz_T=2%.005*%w_xyz_T*m_cg;

%Can use the values below to make the

%tool stationary

%m_cg=1.e20;

%J_cg=1.e20; J_y=1.e20;

%J_z=1.e20; Ytemporary , by setting these to "infinity" the tool does not move
%J_anv=1.e20;

%but the reaction forces and torques can be calculated

%represents the torque impedance of the hand

k_ham_spring=70%1000; % N/m, stiffness of hammer spring
zeta=4;
b_ham_spring=2*zeta*sqrt (k_ham_spring*m_ham); %some damping in the hammer spring

Distributed under a Creative Comr CC BY license.
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ham_spring_preload=1%200.; %N
kp_ham_spring=ham_spring_preload/(.001/1000) ; %spring stiffness for impact with anvil floor
bp_ham_spring=2#.5%sqrt (kp_ham_spring*m_ham) ; % associated damping at the base of the hammer
gq_ham_O=ham_spring_preload/k_ham_spring; %initial compression of the hammer spring
gp_ham_O=ham_spring_preload/kp_ham_spring; %initial compression of the base spring
w_ham_imp=2*pi*1200; %used to set impact spring stiffness

%(currently using 1200)
kp_hi=J_ham*w_ham_imp~2/r_ham~2; %Sets the hammer/anvil impact spring stiffness

bp_hi=2%.03*w_ham_imp*J_ham/r_ham~2; %Sets the hammer/anvil impact spring damping

Jx*xkxkxkkk*xto include hammer mass in derivative causality kkkkkkxskkskkkkxskk
a_11=1+g_p~2+*m_theta~2*m_ham/J_mot; a_12=g_p*m_theta~2*m_ham/J_ham;
a_21=-m_ham*m_theta~2*g_p/J_mot; a_22=1+m_ham*m_theta~2/J_ham;
mat=[a_11 a_12; a_21 a_22];
mat_inv=inv(mat) ;

ke ks ks ok ok sk sk ks ok sk sk ks ok ok sk sk ks ok o sk sk sk ok o sk sk sk ok sk sk sk sk ok o sk sk sk ok o sk sk ok

%Set the initial conditions on all states
%output point variables

qtau_grip(1)=0;

q_long(1)=0; gq_tran(1)=0; q_vert(1)=0;

qtau_long(1)=0; qtau_tran(1)=0; qtau_vert(1)=0;

%TIP point variables
q_long_T(1)=0; q_tran_T(1)=0; g_vert_T(1)=0;

%initial conditions and identification of states

pm_cg(1)=0; %longitudinal momentum of tool c.g.

pcg_v(1)=0; %vertical momentum of tool c.g.

pcg_y(1)=0; %transverse momentum of tool c. g.

pJ_cg(1)=0; %c.g. angular momentum about the longitudinal axis
pJ_y(1)=0; %c.g. angular momentum about the transverse axis
pJ_z(1)=0; %c.g. angular momentum about the vertical axis

pJ_mot(1)=J_mot*w_mot_0; ’%angular momentum of the motor inertia
pJ_ham(1)=J_ham*g_p*w_mot_0; %angular momentum of the hammer

pJ_anv(1)=0; %angular momentum of the anvil

g_ham(1)=q_ham_0; Y%relative displacement across the primary hammer spring
gp_ham(1)=gp_ham_0; %relative displacement across the hammer bottoming spring
y_ham(1)=0; %displacement of the hammer spring

q_p1(1)=0; q_p2(1)=0; Jdisplacement across the hammer/anvil impact springs

%location angle of the hammer and the anvil. This can be set arbitrarily
% phi_ham(1)=270*pi/180; phi_anv(1)=1%pi/180;

% phi_ham(1)=1*pi/180; phi_anv(1)=45%pi/180;

phi_ham(1)=1%pi/180; phi_anv(1)=20%pi/180;

%some book keeping startup values
k_p(1)=0; b_p(1)=0; imp_event1(1)=0;imp_event2(1)=0;
n_ham=1; n_anv=1; n_anv2=1;

dt=1.e-6; t_final=1.5; t=0:dt:t_final; %Simulation time specification

for i=1:length(t)
%setting velocities
v_cg(i)=pm_cg(i)/m_cg; w_cg(i)=pJ_cg(i)/J_cg; w_y(i)=pJ_y(i)/J_y;
vtran_cg(i)=pcg_y(i)/m_cg; vvert_cg(i)=pcg_v(i)/m_cg; w_vert(i)=pJ_z(i)/J_z;

w_mot (i)=pJ_mot(i)/J_mot; w_shaft(i)=g_p*w_mot(i);
w_ham(i)=pJ_ham(i)/J_ham; w_anv(i)=pJ_anv(i)/J_anv;
%v_vert(i)=m_theta*(w_shaft(i)-w_ham(i));

%Keeping track of the angles of the hammer and the anvil
phiham_2pi(i)=phi_ham(i)- (n_ham-1)*2*pi;

© 2025 by the ). Distributed under a Creative Commons CC BY license.
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phianv_2pi(i)=phi_anv(i)-(n_anv-1)*2%pi;
phi_anv2(i)=phi_anv(i)+pi;
phianv2_2pi(i)=phi_anv2(i)-(n_anv2-1)*2*pi;

if phi_ham(i)>=n_ham*2*pi
n_ham=n_ham+1;

end

if phi_anv(i)>=n_anv*2*pi
n_anv=n_anv+1;

end

if phi_anv2(i)>=n_anv2*2*pi
n_anv2=n_anv2+1;

end

k_p(i)=0; b_p(i)=0; F_p1(i)=0; F_p2(i)=0;
dq_p1(i)=0; dq_p2(i)=0;
phi_rel(i)=phiham_2pi(i)-phianv_2pi(i);
phi_rel2(i)=phiham_2pi(i)-phianv2_2pi(i);

%for impact event 1
if i>1 %#ok<*ALIGN>
if abs(phi_rel(i))<=2xpi/180 && y_ham(i)/y_ham_max<=1 %impact starts @ less than 2 deg. sep.
imp_event1(i)=1;
%impact continues when anvil height is below hammer
elseif imp_eventl(i-1)==1 && y_ham(i)/y_ham_max<=1
imp_event1(i)=1;

else imp_event1(i)=0; %otherwise no impact
end
end

if imp_eventl1(i) == %settings during impact

dg_p1(i)=r_ham*(w_ham(i)-w_anv(i)+w_cg(i)); %activate impact spring displacement

%set spring and damper force

k_p(i)=kp_hi; b_p(i)=bp_hi; F_p1(i)=k_p(i)*q_p1(i)+b_p(i)*dq_p1(i);

if q_p1(i)<=0
k_p(i)=0; b_p(i)=0;F_p1(i)=0;

end
end
if imp_event1(i)== %setting during free flight/no impact
%deactivate impact spring displacement and set spring/damper force to zero

q_p1(i)=0; dg_p1(i)=0; F_p1(i)=0;
end

%For impact event 2
if i>1
if abs(phi_rel2(i))<=2%pi/180 && y_ham(i)/y_ham_max<=1 Yimpact starts @ less than 2 deg. sep.
imp_event2(i)=1;
elseif imp_event2(i-1)==1 && y_ham(i)/y_ham_max<=1
imp_event2(i)=1;
else imp_event2(i)=0; %#ok<*SEPEX>
end
end
if imp_event2(i) ==
dq_p2(i)=r_ham*(w_ham(i)-w_anv(i)+w_cg(i));
k_p(i)=kp_hi; b_p(i)=bp_hi; F_p2(i)=k_p(i)*q_p2(i)+b_p(i)*dq_p2(i);
if q_p2(i)<=0
k_p(i)=0; b_p(i)=0;F_p2(i)=0;
end
end
if imp_event2(i)==
q_p2(i)=0; dq_p2(i)=0; F_p2(i)=0;
end

%sum impact forces in perpendicular directions
Fp_hor (i)=1*(F_p1(i)*cos(phi_anv(i))+F_p2(i)*cos(phi_anv2(i)));
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Fp_ver(i)=1*(F_p1(i)*sin(phi_anv(i))+F_p2(i)*sin(phi_anv2(i)));

%Controller for the shaft speed

Kp_wshaft=2; %This is speed control

Kp_dwcg=0%.018; Kp_wcg=-0%100;%These permit additive motor torque
%control

er_wmot (i)=w_mot_O-w_mot(i);
taumot_wshaft (i)=Kp_wshaft*er_wmot (i) ;

tau_mot (i) =taumot_wshaft(i);
tau_fric(i)=btau_fric*w_mot(i); %added damping to the motor

%torque from grip onto tool (like the grip of a hand);
dqtau_grip(i)=w_cg(i);
tau_grip(i)=ktau_grip*qtau_grip(i)+btau_grip*dqtau_grip(i);

%xyz restraints @ handle

dq_long(i)=v_cg(i)+lg_v*w_y(i); % rate of change of longitudinal spring
dq_tran(i)=-1g_v*w_cg(i)-1g_h*w_vert(i)+vtran_cg(i); % rate of change of translational spring
dq_vert(i)=1g_h*w_y(i)+vvert_cg(i); % rate of change of vertical spring
F_long(i)=k_xyz_longxq_long(i)+b_xyz_longxdq_long(i); % spring and damper force long.
F_tran(i)=k_xyz_tranxq_tran(i)+b_xyz_tranxdq_tran(i); % spring and damper force tran.

F_vert(i)=k_xyz_vertxq_vert(i)+b_xyz_vert*dq_vert(i); % spring and damper force vert.

dqtau_long(i)=w_cg(i); % rotational velocity long.
dqtau_tran(i)=w_y(i); % rotational velocity tran.
dqtau_vert (i)=w_vert(i); % rotational velocity vert.

tau_long(i)=ktau_xyz*qtau_long(i)+btau_xyz*dqtau_long(i); % spring and damper torque long.
tau_tran(i)=ktau_xyz*qtau_tran(i)+btau_xyz*dqtau_tran(i); % spring and damper torque tran.
tau_vert (i)=ktau_xyz*qtau_vert(i)+btau_xyz*dqtau_vert(i); % spring and damper torque vert.

%TIP restraints (only translational restraints

dq_long_T(i)=v_cg(i)+1l_cg*w_y(i); % rate of change of longitudinal spring
dq_tran_T(i)=vtran_cg(i)+lag_h*w_vert(i)-1_cg*w_cg(i);% rate of change of translational spring
dq_vert_T(i)=vvert_cg(i)-lag_h*w_y(i); % rate of change of vertical spring
F_long_T(i)=k_xyz_T*q_long_T(i)+b_xyz_T*dq_long_T(i); % spring and damper force long.
F_tran_T(i)=k_xyz_T*q_tran_T(i)+b_xyz_T*dq_tran_T(i); % spring and damper force tran.
F_vert_T(i)=k_xyz_T*q_vert_T(i)+b_xyz_T*dq_vert_T(i); % spring and damper force vert.

dphi_ham(i)=w_ham(i); ’%change hammer angle set to hammer rot. vel.

dphi_anv(i)=w_anv(i); ’%change anvil angle set to anvil rot. vel.

dq_ham(i)=m_theta*(w_shaft (i)-w_ham(i)+w_cg(i))-(v_cg(i)+1l_cg*w_y(i)); % change hammer spring
dgp_ham(i)=-dq_ham(i); %change hammer floor spring set to neg. change hammer spring
dy_ham(i)=dq_ham(i); %change in hammer 1lift

%compute a friction force between hammer and anvil during impact(currently set to zero)

mu=0%.2;

F_fric(i)=mu*(F_p1(i)+F_p2(i))*sign(dq_ham(i));

%force hammer spring

F_ham_spring(i)=k_ham_spring*q_ham(i)+b_ham_spring*dq_ham(i) ;

%force hammer spring to floor

Fp_ham_spring(i)=kp_ham_spring*qp_ham(i)+bp_ham_spring*dqp_ham(i);

if qp_ham(i)<= 0 Y%turn off hammer floor spring when hammer is at or below floor
Fp_ham_spring(i)=0;

end

%change in long. momentum

dpm_cg(i)=F_ham_spring(i)-Fp_ham_spring(i)+F_fric(i)-F_long(i)-F_long_T(i);

%change in rot. momentum vert.

dpJ_cg(i)= -1#m_theta*(F_ham_spring(i)-Fp_ham_spring(i))-1_cg*Fp_hor(i)-tau_mot(i)-tau_grip(i)...
-lg_v*F_tran(i)-tau_long(i)+1_cg*F_tran_T(i);

%change in rot. momentum tran.

dpJ_y(i)=-1g_h*F_vert(i)-1lg_v*F_long(i)+1_cg*(F_ham_spring(i)-Fp_ham_spring(i)+F_fric(i))...
+lag_h*Fp_ver(i)-tau_tran(i)+lag_h*F_vert_T(i)-1_cg*F_long T(i);
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%to include m_ham in derivative causality

rhs_11=tau_mot (i) -g_p*m_theta*(F_ham_spring(i)-Fp_ham_spring(i)+F_fric(i))-tau_fric(i);
rhs_21=m_theta* (F_ham_spring(i)-Fp_ham_spring(i)+F_fric(i))-r_ham*(F_p1(i)+F_p2(i));
vec_out=mat_inv*[rhs_11;rhs_21];

dpJ_mot (i)=vec_out(1,1); %change in rot. momentum motor

dpJ_ham(i)=vec_out(2,1); %change in rot. momentum hammer

%including m_ham in derivative causality

dpJ_anv(i)=-btau_load*w_anv(i)+r_ham*(F_p1(i)+F_p2(i)); %change in rot. momentum anvil
dpcg_y(i)=Fp_hor(i)-F_tran(i)-F_tran_T(i); Y%change in tran. momentum
dpcg_v(i)=-Fp_ver(i)-F_vert(i)-F_vert_T(i); %change in vert. momentum

%change in rot. momentum long.

dpJ_z(i)=lag_h*Fp_hor(i)-tau_vert(i)-lag_h*F_tran_T(i);

%0utputs at the sensor locations

accel_long(i)=dpm_cg(i)/m_cg+ls_v*dpJ_y(i)/J_y; %long accel. @ sensor
accel_tran(i)=dpcg_y(i)/m_cg-1s_v*dpJ_cg(i)/J_cg-1s_h*dpJ_z(i)/J_z; %tran. accel. @ sensor
accel_vert(i)=-dpcg_v(i)/m_cg-ls_hxdpJ_y(i)/J_y; %vert. accel. @ sensor
tau_tool(i)=dpJ_cg(i); %rot. torque Z-axis

v_long(i)=v_cg(i)+1ls_vxw_y(i); %velocity long. @ sensor
v_tran(i)=vtran_cg(i)-1ls_v*w_cg(i)-1s_h*w_vert(i); %velocity tran. @ sensor
v_vert(i)=-vvert_cg(i)-1s_h*w_y(i); %velocity vert. @ sensor

%integrate the state equations using Euler integration
phi_ham(i+1)=phi_ham(i)+dphi_ham(i)*dt; % angular displacement of the hammer
phi_anv(i+1)=phi_anv(i)+dphi_anv(i)*dt; ’ angular displacement of the anvil
g_ham(i+1)=q_ham(i)+dq_ham(i)*dt; ’ disp. across hammer spring
gp_ham(i+1)=qp_ham(i)+dgp_ham(i)*dt; %disp. across the "floor" spring at the bottom of the hammer
y_ham(i+1)=y_ham(i)+dy_ham(i)*dt; %disp. of the hammer
q_pl(i+1)=q_p1(i)+dq_p1(i)*dt; %disp. of the impact spring between hammer and anvil
q_p2(i+1)=q_p2(i)+dq_p2(i)*dt; %disp. of the impact spring between hammer and anvil
pm_cg(i+1)=pm_cg(i)+dpm_cg(i)*dt; %momentum of c.g. long (z direction)
pJ_cg(i+1)=pJ_cg(i)+dpJ_cg(i)*dt; %rot. momentum vert.
pJ_mot (i+1)=pJ_mot (i)+dpJ_mot (i)*dt; %rot. momentum of motor
pJ_ham(i+1)=pJ_ham(i)+dpJ_ham(i)*dt; %rot. momentum of hammer
pJ_anv(i+1)=pJ_anv(i)+dpJ_anv(i)*dt; %rot. momentum of anvil
qtau_grip(i+1)=qtau_grip(i)+dqtau_grip(i)*dt; %rot. displacement at grip
g_long(i+1)=q_long(i)+dq_long(i)*dt; % disp. long. of grip restraint spring
g_tran(i+1)=q_tran(i)+dq_tran(i)*dt; % disp. tran. of grip restraint spring
g_vert(i+1)=q_vert(i)+dq_vert(i)*dt; % disp. vert. of grip restraint spring
q_long _T(i+1)=q_long_T(i)+dq_long T(i)*dt; ’ disp. long. of tip restraint spring
g_tran_T(i+1)=q_tran_T(i)+dq_tran_T(i)*dt; J disp. tran. of tip restraint spring
g_vert_T(i+1)=q_vert_T(i)+dq_vert_T(i)*dt; J disp. vert. of tip restraint spring
pJ_y(i+1)=pJ_y(i)+dpJ_y(i)*dt; ’%rot. momentum tran.
pJ_z(i+1)=pJ_z(i)+dpJ_z(i)*dt; ’%rot. momentum long.
pcg_v(i+1)=pcg_v(i)+dpcg_v(i)*dt; %momentum of c.g. vert. (x direction)
pcg_y(i+1)=pcg_y(i)+dpcg_y(i)*dt; %momentum of c.g. tran. (y direction)
%long. angular disp. of the grip restraint torsional spring
qtau_long(i+1)=qtau_long(i)+dqtau_long(i)*dt;
%tran. angular disp. of the grip restraint torsional spring
qtau_tran(i+1l)=qtau_tran(i)+dqtau_tran(i)*dt;
%vert. angular disp. of the grip restraint torsional spring
qtau_vert (i+1)=qtau_vert(i)+dqtau_vert (i)*dt;

end
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