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ABSTRACT

This study proposes a method combining dynamic simulation and experimental impact-force
data to quantitatively determine the dynamic characteristics of a Masset hammer throughout the
entire operating process, particularly the impact acceleration, which is difficult to determine
experimentally. An impulse absorption coefficient, 1, is introduced to regulate the relationship
between the force measured at the anvil and the actual force acting on the hammer, thereby
ensuring that the calculated results are consistent with actual physical conditions. The results
show that only a portion of the impact energy is transmitted to the anvil, while the remaining part
is dissipated due to the energy-absorption characteristics of the structure; this provides a direct
guantitative basis for selecting the test conditions. The proposed method does not require material
modeling in the contact region and can be applied to similar hammer systems.
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1. INTRODUCTION

In shock resistance tests, reproducing acceleration loads similar to pyroshock is important for
evaluating the operational capability of equipment under actual conditions [1, 2]. A Masset
hammer is commonly used to generate high-amplitude mechanical shock pulses with very short
durations [3, 4]. However, the selection of test conditions is still mainly based on experience or
existing technical documents, without an accurate quantitative basis.

During impact, the hammer-head acceleration is the key parameter governing the load applied
to the test object, but it is difficult to measure directly because of the short impact duration and the
rapidly varying high-amplitude load. In contrast, the impact force at the anvil as a function of time
is the most accessible experimental signal. This limitation requires the development of a method
to determine the hammer-head acceleration and velocity from measured impact-force data
combined with the dynamic state of the system at the moment of impact.

To address this issue, a dynamic model of the cam—hammer—counterweight system is developed
to determine the motion state before and during impact. Experimental impact-force data are then
incorporated into the rotational dynamic equation to determine the hammer-head acceleration
during impact. The proposed method is validated using independent criteria based on fundamental
mechanical laws.

2. ROTATIONAL DYNAMIC MODEL

The Masset hammer system is a mechanical system involving rotational, oscillatory, and impact
motions. Therefore, to investigate its dynamic behavior, it is necessary to develop an equivalent
mechanical model that accounts for all degrees of freedom and dynamic constraints.

2.1. Mechanical system modeling

A Cartesian coordinate system is defined with the origin at the rotation center O, where the Ox
axis is horizontal and the Oy axis is vertical. The positive direction of torque is counterclockwise.
The system consists of two coupled bodies connected by an inextensible belt:
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Figure 1. Mechanical model of the Masset hammer system before and after impact.

- Rotating body: The cam and hammer (including the test specimen) are modeled as a rigid
body rotating about a fixed axis at O. The total mass is mc, the moment of inertia about its center
of mass is I¢, at C(Xc, yc) and the distance from the center of mass to the rotation axis O is lgo.
According to the Steiner theorem, the moment of inertia of the cam about O is given by:

|q =lc+ mc.|2c;o (1)
- Counterweight: A mass mw is attached to the belt and moves freely in the Oxy plane, with its

center of mass located at W(xw, yw). The belt tension Tw acts on the counterweight along the
direction fromWto T.

- Belt: The belt is inextensible, with constant total length Lg, and is wrapped around the cam
profile. The coordinates of the contact point (the point where the belt detaches from the cam
profile), T(xr, yr), depend on the rotation angle ¢ and the counterweight swing angle y.

2.2. Geometric modeling of the cam profile

Geometric modeling of the cam profile enables determination of key parameters such as force
lever arm, contact radius, and center of mass position as functions of rotation angle 6 and
counterweight angle y, while reducing model complexity. The cam shaft is mounted with a toothed
ring to adjust the initial hammer angle; more teeth correspond to a larger initial angle. The cam
profile consists of two connected circular arcs: a main arc of radius Rc offset from O by lco, and
an inner arc of radius Rtam centered at O. The condition for continuous contact is given by:

Rc = lco + Riam (2)
Absolute angle of the cam center measured from the Ox axis:
0 =0+ A0 (3)

where 6 is the initial angle determined by the tooth position, A# is the angular displacement from
the initial position (an integral variable), and y is the belt swing angle measured from the negative
Oy direction, taken as positive when the belt inclines to the right.
- Phase transition and contact point T: The belt transitions from the Rc arc to the Rim arc when
the contact points coincide. Define the phase angle ¢ = 6 — y. From (2):
p=0-y=0 (4)
At ¢ =0, the coordinates of T obtained from both expressions are identical, giving (—Rtam.C0Sy,
—Riam.SiNy):
¢ < 0: belt contacts the Rc arc: Xt = lco €0S 8 — Rc cosy;  yr = lco Sin 8 — Re siny 5)
@ > 0: belt contacts the Riam arc: X1 = — Rtam COSy; 1= — Riam SiNy (6)
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- The signed moment arm of Tw about O is the projection of OT onto the direction perpendicular
to the belt:

It = x7 cosy + yr siny (7)
Continuity at the transition point (¢ = 0):
Phase 1: I7,-0 = (Ico — Rc)(cos?y + sin?y) = lco — Rc = —Riam™.
Phase 2: It = — Riam(cos?y + sin?y) = — Riam™.
Thus, in Phase 2 (belt in contact with the axis), It = — Rwm is constant and independent of y.

- The center of mass G and the geometric center C belong to the same rigid body rotating about
O. When the cam rotates by an additional angle A from the initial position:

XG = Xgo COSAH — yeo SINAG;  Ye = Xco SINAG + Ygo COSAH (8)

where (Xco, Yeo) are the coordinates of the center of mass at the initial configuration (A# = 0),
determined from the reference position (hammer-anvil contact) by an inverse rotation.

- Lgq is the total belt length. The wrapped belt length depends on the geometric phase and, via
Equation (4), on y:
¢ <0 (phase 1): s =/[(y—6).Rc + 90.Riam/.7/180 9
¢ > 0 (phase 2): s = [(y — 0).Riam + 90.Riam/.7/180 (10)

where s.0p is the cam angular position at the hammer—anvil contact point. At the transition point
(6 = y), both expressions yield the same result: s = (Osiop — 7)-Riam(7/180), ensuring continuity.
When 6 = Os0p (hammer—anvil impact), s = 0 and | = Lq (the entire belt is free). The length of the
free belt segment from T to the counterweight W is:

l=L4-s (11)
2.3. Equation of motion of the counterweight
The general Newton’s equation governing the motion of the counterweight is given by:
m, .8, =T, + P, Projecting Newton’s equation along the belt direction (from W to T) gives:

T, =m,.(I.7° +gcosy —l, singa’ +1,.) (12)

ly? +gcosy —lsing.w®  ¢<0 (phal)

and defining Q ={ , tension force equation:

l./* +gcosy $>0 (pha 2)
Tw=mw.(Q + lr.a) (13)
Projecting Newton’s equation along the belt normal gives the acceleration equation:
__={(—g siny + 1., COS@.00° + 1o Singa —2rew.y +r.y?) /1 $< 0 (phase 1) 14)
(—gsiny —2ra.y+r.y%) /1 $ >0 (phase 2)

2.4. Rotational equation of motion of the cam
Applying the moment equation about point O:
Iq.a = M=Mc+My=- Mc.g.Xc — Tw.lt (15)
Moment due to gravity acting at C: Mc = —mc.g.Xc (the negative sign indicates that when xc >

0, gravity produces a resisting moment opposite to the positive convention). Moment due to belt
tension: Mw = —Tw.l+.

2.5. Formulation of the system of differential equations

Equations (12) and (15) contain two unknowns, Tw and a. Substituting Tw from (12) into (15)
allows o to be solved as:
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o=— (mc.g.Xc +mw.Q.|T)/(|q + mw.|T2) (16)
Collecting all transformations, a system of first-order differential equations with four state
variables q = /46, w, y, y]" is obtained as:

d(Ad) do  m..g.x. +m,Ql dy .
Q— =0 (2)—(—=- @—==7
dt dt I, +myl7 dt .
@ dy _[(=gsiny +le, cosg.w’ + 1, singa —2rw.y +r.y*) /1 ¢ <0 (phase 1) (17)
dt  |(—gsiny—2roy+ry?)/I ¢ >0 (phase 2)

Tw and a, given by Equations (12) and (16), are algebraic variables solved explicitly at each
time step.

2.6. Impact energy dissipation

In the modeling, the energy losses due to friction and other resistance effects associated with
relative motion between system components are assumed to be small compared with the energy
transferred within the mechanical system during the impact event, the decrease in potential energy is
fully converted into the Kinetic energy of the cam and the counterweight:

APE = AKE (18)
At the impact instant, the decrease in potential energy is compared with the total kinetic energy

of the system to evaluate the conservation error. The system kinetic energy consists of the
rotational kinetic energy of the cam and the kinetic energy of the counterweight:

KE = (Iq.wzvc + mWVZW)/Z (19)
The counterweight velocity vw at the moment of impact consists of two components: the
tangential component due to the pendulum wire motion l.y; which continues to exist as the

swinging motion of the counterweight, and the radial component caused by the cam rotation
Riam ‘wve, Which vanishes instantaneously.

Vi = (Riam ove)® + (1.y)° (20)
Thus, the total kinetic energy of the system at the moment of impact is distributed into three parts:

1 1 . 1
KE = Ecam + Esway + Ediss ZE Iq'a)vzc +Ern\N (Iy)z +Em\N (Rtam'a)vc)2 (21)

According to the impulse theory in classical mechanics [5, 8], the quantity Egiss represents the
portion of kinetic energy lost due to the imposition of an instantaneous constraint. When the cam
stops abruptly, the radial velocity component Ream-wyc Of the counterweight - arising from the cam
shaft rotation - is instantaneously eliminated by the constraint impulse at the shaft. The
corresponding kinetic energy:

Ediss = (Ream 'wvc)z-mw/z (22)
3. IMPACT PHASE DYNAMIC MODEL

The hammer-head acceleration is the key parameter representing the impact load acting on the
test specimen in Masset experiments. Due to the extremely short duration of the impact event and
the harsh operating conditions, this acceleration cannot be measured directly using sensors [1, 6].
Therefore, it is determined indirectly from experimentally measured impact force combined with
a dynamic model of the impact process. The cam-hammer system rotating about O is subjected to
three moment contributions: the impact force F(t) acting at the hammer head with lever arm Ry
(the dominant excitation), the gravitational force acting at the center of mass G of the cam-hammer
assembly, and the belt tension Tw acting at the contact point T. The rotational dynamic equation
about O is given by:
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Iq.a(t) = Myrive — F(t).Rb —Mc.g.Xc — Tw.lr (23)
During the very short impact duration tc, the cam rotation is negligible; therefore, the geometric
guantities xc and Iy, as well as the belt tension Tw, can be assumed approximately constant and
taken at their values at the onset of impact [7], obtained from the dynamic simulation:

Mstatic = Mc.g-Xcwve + Twye. It (24)
At the initial impact condition (t = 0, F = 0), the experimentally measured impact force is zero;
therefore, the entire driving moment produces the angular acceleration corresponding to the known
value obtained from the simulation results:

Marive = lg.00 + Mstatic (25)
Equation (23) can be rewritten as:
a(t)= Ro.a(t)= Rb.a0 — F(t).Rs/14 (26)

The angular velocity of the system during impact is obtained by integrating the angular
acceleration with respect to time [4]:

t t
ot)=aw,+ J.a(r).dr =@, +ayt— %J. F(r)dr=w, +a,t —%JT (t) (27)
0 q o0 q
The angular velocity consists of two components: the free kinematic term fjo.+ ao.dt = ao.t and
the impact impulse-induced term (Ru/lg).J7(t). In practice, the hammer impact impulse Jr is
composed of two parts: the measured component Jn (obtained from the experimental force curve)
and the dissipated component J;s (which cannot be directly measured). At the end of the impact
phase, the system comes to a complete stop, i.e., w¢=w) = 0. From Eqquation (27):

\]T = (Iq/ Rb)(a)o + ao.tc) (28)
Let »# denote the impulse absorption coefficient of the measurement structure; then:
7 = InlIr = In.Rol[lg.(wo + 0.tc)] (29)

It is assumed that the energy absorption ratio is approximately equal to the impulse absorption
ratio during the impact phase: Enw/Eco = Ju/Jr = 5. Substituting Jr into Eqquation (27) and applying
the same procedure to the acceleration equation gives:

Ry . Re
o(t) = o, +a0.t—77—|Jm(t), a(t)=R, .q, ——IF(t) (30)
q q
The total energy at the impact instant (used for validation when applying the parameter ) is given by:

R

t t
E.ol = Ecam + Egrive = 1 I8 + Iqaoja)(r)dr or E, B —bj F(7).0(r)dr (31)
2 0 /A
In this case, the energy absorbed by the sensor is:
t
E, =R, [F()a(r)dr (32)
0
and the dissipated energy (not absorbed by the sensor) is:
Els = Ecol - Em = (1_77)-Ecol (33)
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4. RESULTS AND DISCUSSION

After establishing the mathematical model of the system, the problem is solved following the
sequence of motion phases. The rotational phase of the cam-hammer system is determined using
Equations (12), (16), and system (17). The obtained results provide the initial conditions for the
impact phase described by Equations (24) and (25).

4.1. Results of the rotational phase analysis

System (17): at t = 0, the cam starts from rest, with AG(0) =0, »(0) =0, (0) =0, y(0) =0, L4 =
1.5m; Ry = 1.2 m; mc = 27.0 kg; mw = 40.0 kg; Rc = 0.256 m; Riam = 0.061 m; Iq = 1.843 kg.m?,

159

60

501

—
(=]

40

30

o [rad/s]
o [rad/s’]

20

(¥

|
|
|
|
|
|
|
|
|
|
|
: 10
|

]

T 0 T T T .
0 0.1 02 0.3 04 0.1 02 03 04 |

ifs] —10 ifs] I
Figure 2. Calculated angular velocity and angular acceleration prior
to impact at tooth position 18.

The computational results, from the moment the cam and hammer start moving at tooth position
18 until the hammer impacts the anvil (corresponding to a rotation of 199.5°), are shown in Figure
2. The results are verified based on the law of energy conservation.

At the moment of hammer—anvil impact, the total decrease in potential energy of the system
APE is 175.028 J, while the total kinetic energy AKE is 175.055 J, corresponding to an energy
conservation error of 0.015%. The energy distribution at the impact instant shows that the kinetic
energy is mainly concentrated in the cam-hammer motion, with a value of Ecam = 152.981 J (87.4%)
(this quantity, Ecam is the cam-hammer kinetic energy exactly at the impact instant t = 0, and
reappears in Section 4.2 as one component of Ec, the total energy at the impact instant used to
validate 7 - see Equation 31), representing the effective impact energy transmitted to the anvil. The
remaining Esway = 9.719 J (5.6%) is stored in the oscillatory motion of the counterweight and does
not directly contribute to impulse transmission. The instantaneous dissipated energy is Egiss =
12.354 J (7.1%), occurring at the instant of impact when the cam comes to an abrupt halt, causing
the radial velocity component Rim -y Of the counterweight to vanish instantaneously. The energy
conservation error of 0.015% is well below 1%, confirming that the simulation results are reliable
for engineering purposes.

4.2. Results of the impact phase analysis
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Figure 3. Experimental and computed tangential acceleration after impact at tooth position 18.
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At the start of impact: m.. = 12.9 rad/s; a.. = 10.15 rad/s?. The impact force histories from four
experimental tests (Figure 3a) show good convergence and are combined into a representative mean
characteristic curve. The resulting acceleration profile is shown in Figure 3b. Other parameters are:
Ecol = 153.867 J; En = 97.981 J; Eis = 55.886 J; maximum acceleration amax = 321.4 G. The post-
impact stopping condition w(z=tc) = 0 is satisfied by construction, since » in Equation (29) is solved
precisely to enforce this condition. Consequently, the impulse balance (Equation 28) and the energy
balance (Equation 31) are analytical consequences of the same equation of motion rather than
independent verification criteria; they serve as internal-consistency checks confirming that the
numerical implementation is free of computational error (residual discrepancy ~107*%). The physical
validity of the underlying assumption En/Ecol = Jw/Jt = 7 is supported indirectly by the fact that the
resulting n (=0.64) lies within a physically admissible range and is consistent with absorption ratios
reported for comparable industrial hammer systems; direct independent verification (e.g., an
auxiliary head-mounted accelerometer) is noted as a limitation and left for future work.
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Figure 4. Angular velocity and force during the collision process, considering the coefficient #.

The coefficient # is introduced to ensure consistency between the calculated results and the
actual parameters represented in the plots (Figure 4). The results show that 63.7% of the impact
energy is transmitted to the anvil and recorded by the force sensor, while the remaining 36.3% is
dissipated due to anvil absorption and contact deformation, consistent with values reported for
similar industrial hammer systems.

5. CONCLUSIONS

This paper presents a method for determining the velocity and acceleration of a hammer during
impact with an anvil. This is a challenging problem due to the extremely short impact duration
(below 10 ms), the sudden, large-amplitude changes in acceleration, and the near impossibility of
placing an accelerometer directly at the hammer head under severe impact conditions.

The core difficulty lies in the fact that the impact force measured at the anvil only represents
part of the actual impulse acting on the hammer, while the remaining portion is dissipated within
the anvil structure and contact zone and is not captured by the sensor. As a result, purely data-
driven calculations from measured signals alone would not satisfy the physical requirement that
the hammer must reach zero velocity at the end of the impact phase.

To address this issue, the proposed approach combines two complementary sources of
information: the dynamic simulation provides the accurate state of the system at the impact instant,
while the experimentally measured force history F(t) describes the time evolution of the impact
load. Based on this, the impulse absorption coefficient # is automatically identified to reconcile
both data sources, ensuring consistency with the actual physical behavior.

The method is validated through three independent criteria and demonstrates high reliability.
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Notably, it does not require material modeling in the contact zone or specialized sensors at the
hammer head, making it suitable for analysis and design of similar Masset hammer systems.
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TOM TAT

Xay dung phuwong phap xac dinh cic dic trung va cham ciia biia Masset
trén co sé két hgp mé phong va thuc nghiém

Nghién civu nay dé xudt phirong phdp két hop giita mé phong dong e hoc va sé liéu
thuce nghiém luc va dap nham xdc dinh dinh lwong cac ddc trung dong hoc cua bua Masset
trong toan by qua trinh lam viéc, dac biét la gia téc va dap - tham 56 khé xdc dinh bcing
thuc nghiém. H¢ $6 hcfp thu xung lyc n dwoc dé xuat dé diéu hoa quan hé giita lyc do tai de
va luc thyc 1é tac dung lén bua, dam bao két qua tinh todn nhdt qudn VOi diéu kién vt Iy
thuee té. Két qua cho thay chi mot phan nang lwong va cham dugc truyén den de, phan con
lai tiéu tan do ddc tinh hdp thu cia két cau - day la co s6 dinh luong truc tiép cho viéc lya
chon ché dg thir nghiém. Phwong phap khong yéu cau mé hinh vt liéu tai ving tiép xiic va
6 thé dp dung cho cdc hé thong bia twong tir.

Tir khoa: Bla Masset; Dong lic hoc; Gia tdc va dap.
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