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Kinematical Approaches for Hydrodynamic Force Assessments
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Abstract: A new mathematical model for studying hydrodynamic force was developed. The purpose of
this study was to present a simple, inexpensive, reliable and less complicated method. In order to verify
the proposed model, 5 male recreational swirmmers ranging in age from 20 to 25 years and in mass from
71 to 82 Kg. have been served in our study. They were requested to swim a 10-meter distance as fast as
they could and three to five trials with enough rest in between, They have also been instructed to glide at
end of 10m swim, by whistling, until still position. The time of 10m swim and the glided distance were
measured with reasonable precision (10-2 Sec 10-2m respectively}. One of the elite subjects was
requested to perform swimming with different speeds in order to achieve different characteristic curves as
model. The data collected were then used in the proposed formulae in different approaches for achieving
velocity, acceleration, propulsive or resistive forces of the subjects. The results obtained agreed well with
the results obtained by the other researchers with complicated and expensive systems.
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Introduction

Since the human body, like the shape of ship, presents
an additional difficulty in the sense that it moves in the
boundary plane between two media: water and air,
whereby changes in flow also cause changes in the
level of the boundary plane (waves). In other words,
the problems are much more complex than those of a
body moving in a single medium. If we add to these
problems the uneven and poorly strearmlined shape of
the human body plus its possibility for self-propulsion,
then the problems seem endless.

Resistance and propulsive forces that human body
either undergoes and/or originates can be measured
directly; the resistance can be derived from the
prepulsive force and vice versa and is always a function
of the wvelocity. The forces of man's hydrodynamic
locomotion  can also be described in terms of
mathematical analyses of the body’s shape and
movement (Selreg and Baz, 1971; Miyashita, 1974;
Francis and Dean, 1975; Jensen and Blanksby, 1975).
The complicated procedures of these studies deviate,
however, from the direct hydrodynamic considerations
of this discussion. Also, their results are still
hypothetical and have not been tested against the
actual hydrodynamic forces. Early measurements
involved indirect calculations of active resistance with
additional drag loaded onto the swimmer (Clarys,
1979, diPrampero et al, 1974; Pendergast et al.,
1978; Rennie et al, 1975). In the study of the
hydrodynamic resistance of a moving human body, two
types of resistance must be considered. Passive
resistance, that is the amount of water resistance that
a body experiences in an unchanged posture, during
passive towing or during exposure to water flow in a
water flume and when performing gliding without
movements, while active resistance is the water
resistance associated with the swimming motion.
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Materials and Methods

Studies to determine the propulsive force of a moving
body in water can be classified according to four
different approaches as described below. The first
approach is propulsive force recording of a body
moving in one spot (at zero speed), which is also
referred to as tethered swimming. (Houssay, 1912)
studied the propulsive force of five untrained subjects,
whom he connected to increasing amounts of weight
via a rope and pulley system. Subjects had to swim
until the added weights prevented them from moving
forward. The principle of this method corresponds to
the maximum force recording of a body moving at zero
velocity and has been used subsequently to measure
the force of arm and leg movements separately,
together with the maximum propulsive force. The
weight system, however was replaced by a spring
dynamometer system, whereas a kymograph and
more recently a series of potentiometers were
used for recording. (Mosterd, 1960; Mostered and
Jongbloed, 1962; Safarian, 1968; Gordon, 1969;
Zaciorsky and Safarian, 1972; Malzahn and Stafenk,
1973).

The second approach to assess the amount of
propulsive force developed is the measurement of
energy consumption during locomotion. This technique
can be either combined with previously mentioned
propulsive force recordings or simply examined as a
function of time and distance (without propulsive force
recording). (Anderson, 1960; Adrian, Singh, and
Karpovich, 1966; Costill, 1966; Magel and McArdle,
1970; Holmer, 1971, 1972, 19742 and b, 1975; Rennie
et al, 1972; Rennie Pendergast, and diPrampero,
1975; Kemper et al., 1976).

The third approach is Measuring Active Drag (MAD)
system (Toussaint et al, 1988 and 1990). The MAD
system is based on measuring the mean propulsive
force only on front crawl. The swimmer pushes off
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against grips, which are attached to a tube located 0.8 m
under the water surface. Tube being fixed to a force
transducer thus the force a swimmer applies during
push-off is registered. This system measures mean
propulsive force, Fp , which is equal to the mean active
drag force, Fp,, and the authors found the mean
propulsive force at a swimming velocity of 1.48 m.s™*
appeared to be 53,2 + 5.8 N, whch is in agreement with
values) reported for passive drag on a towed swimmer(
Fig. 1).

The fourth approach is the Velocity Perturbation Method
(Kolmogorov and Duplisheva, 1992). This method
involves changing in maximal swimming velocity using
added drag provided by hydrodynamic body of known
resistance towed by the swimmer. Swimmers perform
two maximal velocity swims of 30m with and without the
hydro dynamic bedy. Hydrodynamic body is consisted of
carrying body (made of foamplast); kniveposts;
hydrodynamic cylinder (made of light metal); fixing hook
for ropes. To avoid turbulent, the hydrodynamic body
was at a critical distance of 3.5-4.5 swimmer body
length Fig. 2.

Swimmer speed, and the resistance force, F, were
measured during both swims. The assumption has been
made by authors that the power output during swimming
without the hydrodynamic body is equal to the power
output delivered when swimming with it, The drag force
is estimated by:

Where F, represents the added drag due to the
hydrodynamic body, V, and V, are the average 30m
velocities of the first swim (without hydrodynamic body)
and second swim ( with hydrodynamic body),
respectively.

Proposed Theoretical Indirect Measurement: The
swimmers speed can be ranged from 0.8 m.s'! to
2.2 m.s 1, Three theoretical approaches for determination
of body characteristics are proposed and described
below.

1-The first approach; water resistance proportional to
Velocity, V

1-a: Determination of propulsive force; Fp

The differential equation can be written as:

Fo=Fu Vo Vi ! (Vi - Vi) m
Fp - C,V = M dv/dt (2)

At limit speed (the maximum speed attained by
swimmer), V=V, the acceleration becomes zero, then

we have;

Fo=CiVi (3)
Inserting 3 into 2 we get;

C, (V- V)=M dv/dt : t4)

In integrat form;

t v

IOCJIM- dt = IO dv/ (V- V) {5)
Integrating both sides ( at t=0, VO=0 };
Cy/Mt=-Ln [(V - V) V] (6)

In exponential form is;
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(VL = V) / VL = Exp (-Cit /M) (7)
Solving for V, we get;
V=V (1-Exp-(C,t/M}) ' (8)

This relation is showing that the behaviour of the body
velocity in water is exponential and depending upon the
maximum (limit) speed, and varies with time. After a
certain time (with VO = 0) the exponential term vanishes
and the instantanecus speed is equal to limit speed. 8
can be written for V,;

Vi =V/(1- Exp(-C,t /M) =V(i+ Exp(-C,t /M)) (9)
Because C;t /M>1. Inserting 9, into the 3, we will get
for the propulsive force as;

Fp=C, V(1+ Exp(-C;t /M})) (10)

Where V is the instantaneous velocity and 10, shows
how the propulsive force is developing with time
until the exponential term vanishes, but when it is
considered as the mean velocity of the body in a 10m
distance swim, then the mean propulsive force is
estimated, t, is the time measured for this distance.
1-b: Determination of C,

The swimmers are instructed so that, at the end of
the 10m swim to stop swimming and just keep
gliding until still position. They are also requested
to stretch their body and get their body stream
lined, to not introduce extra drag force. Since during
gliding no propulsive force is exerted, the
differential equation 2, becomes;

- ¢, V=M dv/dt (11)
11 can be written in appropriate form for integrating;

t v

-[Cy/Mudt =[dV/ V (12)
0 '

Integrating, yields;

V=V, Exp (-C,t /M) (13)

This equation shows that when t becomes large (20
Sec.or more), the speed tends to zero, which is valid in
reality. In order to determine C,, we rewrite 13, as;
dX/dt = V| Exp (-C;t /M) (14)
integrating 14, we get;

X= (VM/C,)(1- Exp(-C,t /M)) (15)
Infact X is the glided distance and when t, tends toc a

larger values then X tends to; V,M/C, from which we can
extract Cy;

C,=V.M /X (16)

Inserting the value of V| into 16, we have;

€, =(MV/X)(1+ Exp(-C,t /M) (17)
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Expanding the term in potential, since { C;t /M )>1,
then we have;

XCy/MV=2 - Cit /M (18)
Solving for C,, we will have;
C,=2MV/{(X + V t) - (19)

Where t; time of 10m swim, X; glided distance,V;
mean velocity in 10m swim. From dimensional point of
view, 19 presents the same dimension as in, C,V. In
fact we can replace (Vt) by 10m,and 19 becomes;

C,=2MV/(X + 10) (20)
2-The second apprqzach ; water resistance proportional to
squared velocity, V

2-a: Determination of propulsive force; F;
The differential equation is in the form;
Fo - C¥2 = M. dv/dt (21)

At limit speed the acceleration becomes zero, then;

Fp= GV 2 (22)
21 is then written as;

Co(V 2- V2) = M dV/dt (23)
23 can be rewritten as;

(Co/M).dt = dV / (V| 2- V2) (24)
Integrating, we have;

T Vv

{){Cle).dt =(j) av / (V- v2) (25)

At t=0, the swimmer's speed is considered zero.
Integrating 25, vields;

Ct/M = (1/2V)) Lnf{{V + V) / (V - V) (26)
26 can be written in exponential form as;

V-V = (V+V)) Exp.(-2C,V t /M) | (27)
Rearranging 27, we get;

VU / V= (1+ Exp.(-2C,V t /M)} / (28)

(1- Exp.(-2C,V,t /M)}

We can again here notice that
instantaneous velocity is exponential and that after
certain  time the exponential terms vanish and the
limit speed is attained. As an assurnption, we take the

the behaviour of

linear part of the exponential terms in both
nominator and denominator , then we have ;
VLIV = (1- (CVE/M)) / (CVLYM) (29)

Rearranging, we get;
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V2- V.V =M/ (Ct) = 0 (30)

T ST S Ay S Ty

Sclving 30 for VL, we can have for limit speed the

following relationship;

IV 1=0.5 {V+ v{ V2+4MV/{Cot)) 3 (31}
2-b: Determination of C,

The swimmer is not applying force in gliding phase,
therefore the differential equation 21, becomes;

- GV = M dv/dt (32)
in integral form;

t v
[~ (Cy/M)dt =jdv/ V? (33)
0 v,
The integration yields;
CA/M=(1/V-1/V)) (34)
Solving for V, gives;
V=MV /(C,V, t+M) (35)

Replacing V by dX/dt, 35 in integral form becomes;

X t

(I) CvdX= (M/C,)[ ngLdt/((Mlcva )+M) (36)
Integrating 36, gives;

X=(M/C)Ln(1+(C,V, t/M)) (37)

where X is the glided distance. Since (C,V t /M),
then 1 is negligible and 36 can be written in exponential
form and after expanding the expenential term we get;

MAC,.V,, .t)=1-(C,X/M) (38)
Solving 38, for X, we will have;
X=(M/C;)-M2/(C,2VL.E)=(M/CH(1-M/(V.C,.t))  (39)

When t, tends to 30 Sec. or more, the second term on
the right hand becomes negligible and therefore we can
have;

C,=M/X (40)
3- The third approach; the water resistance
proportional to both, C,V and C,v2,

The differential
its general form;

equation s presented under

Fp-€,V-C,Vv2 =M. dV/dt (41)
At limit speed 41 becomes;
F.=C,V,+C,V2 (42)

Inserting in 41, and arranging we get;
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C,(V-V}HC,(V 2-V2)=MdV/dt (43)
In integrating form:

t v

{) clt/M=(Ij dV/((V- VI(C+Cy(V +V)) (44)

-

Integrating by part yvields;
v v
UM=édV/((C1+C2VL)(VL'V))+édV/(VL (CI+C2(VL+V))

v (43)

t/M=(-1/(C,+C,V))) [Ln(V,- V)c]) +
Vv

(L/{CV ) Ln{C,+C, (VL+V))]O (46)
t/M=(-1/(C,+CV N[Ln(V,-V)-V ]+ (47)
(LH{C VD) [Ln(Cy+C, (Vi +V))-Ln(C,+CV)]
Rearranging yields;
t/M=(-1/(C,+CVL)LN(1-V/VL)+(1/(C,V\)) (48)

Ln[(C,+C; (VW)Y (C+C V]

Second term on the right side can be ignored as in
reality it is about one hundredth of the first term,
therefore we can have;

t/M=(-1/(C,+C,V))Ln{1-V/V,) (49)
In exponential form:

{1-v/V)=Exp-( C,+C,V)t/M (50)
Solving for V, we get;

V=V (1- Exp.-{ C,+C,V,)t/M) {51)

51, shows that the subject’s velocity, in this case has
also an exponential behaviour which agrees well
with reality. Developing the exponential term we get;

V=V (1- 1+.( C,+CVIUM)) (52)

Finally the limit speed can be calculated as;

IVL|=0.5{C,/C,+v((C\/C;)2+(aMV)/(tC,))} (33)

C,and C, should be calculated as it was indicated
before in their own phases, V is the mean velocity,
t is the time measured for 10m swim. For
determination ofC, and C,, we should use the same
time and glide distance measurements for both
cases in order to calcutate the propulsive force. For
each approach we could find the corresponding
acceleration. In fact derivation of equations; 8, 28,51,
will give us the acceleration in each approach:

8,=(C,V\ 1/M)(Exp-(C,t/M) (54)
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a,=(4C,V /M) (Exp-(2C,V,2t/M) (55)

a,=((C,V3+C,V;;2)M}(Exp-(C,+C,Vy3)t/M) (56)
Time measurement wa$ carried out by two skilled
swimmers and with electronic Start-Stop watch with
the precision of 102 Sec., the glided distance was
measured with Tape measure with the precision of
102 meter.

Results and Discussion

A mathematical study allowed to define formulae in
different approaches. The simple measurements of
time of 10 m swim and the glided distance were
necessary to be used in  these formulae, in order to
achieve the  variations of velocity, acceleration and
hydrodynamic force.

In Tabie 1, subject No. 1, is the lightest subjects in
present study, has bigger values of mean and
maximum velocities in first and second approaches
and has still reasonably high value in third approach.
His hydrodynamic force is also high in three
approaches. Subject No. 5, who is 10 Kg heavier, has
shown smaller mean. Maximum  and hydrodynamic
force magnitudes in all approaches. This means that
the subject’s mass is an important factor in
hydrodynamic characteristics computations. No
researchers have reported the possible effects of mass
in their estimation of hydrodynamic forces.

In Table 2, the characteristics of a selected
elite subject in different speeds are shown. He was
requested to perform different types of swimming such
as; legs only, hands only and both together and with
and without fins and paddles. The subject could
present the speed of 0.9 to 1.84 ms.! as mean
velocities. We can notice that in all three approaches
the higher the speed is, the higher are the values of
hydrodynamic force and the hydrodynamic coefficient
C,. On the contrary, the values of hydrodynamic
coefficient C, , decrease with the increase of the
speed.

In Fig. 1, the variation of velocities in different
approaches are presented. In first approach (series 1),
the swimmer actuaily reaches to his maximum speed
after 17 seconds. This means that the swimmers in
10m swim, will never reach to their maximum speed.
In secend approach (series 2), the swimmer reaches
actually to his maximurn speed after 6 seconds, but
the value of maximum speed seems to be high, such
that the curve of first approach will never reach it. In
the third approach (series 3}, the swimmer reaches to
his maximum speed actually after 7 seconds. The
magnitude of the maximum speed is such that the
curve of first approach can finally be reached. This
means that the swimmer’s maximum speed is definitly
V, (Table 3), and is certainly reached by third
approach in shorter time.

In Fig. 2, the variation of accelerations relative to
time is presented. As can be seen in second and
third approaches the swimmer swims with uniform
velocity where according to the Newton’s  first
law, he experiences no horizontal force, that is,
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Table 1: Subjects Characteristics Values £ SD

Subjects Body Time of- Gliding- Mean- Limit Limit Lirnit: Ci1 c2 FP1 FpP2 FP3
No. Mass 10m Swim Dist. Velocity Speed Speed Speed (N.5.Kg 1) (N.52.Kg 7} (N} (N) (N)
(ko)  (Sec) (m) ms3 v, Vo, .
{ms 1) {ms 1) {ms 1}
1 71 6.24 5.7¢9 1.60 2.05 2.26 1.94 14.47 12.31 29.73 6292 74.50
0.03 0.34 0.01 0.01 0.03 0.48 0.33 0.70 0.58 2.20 0.43
2 73 6.25 5.74 1.60 2.05 2.25 1.93 14.75 12.63 30.23 64.15 75.50
0.06 .36 0.02 0.03 0.04 0.42 0.33 0.80 0.67 2.25 1.74
3 75 6.37 6.60 1.57 2.02 2.25 1.97 14,52 12.14 29.34 61.10 75.57
0.10 0.28 0.02 0.04 0.05 0.30 0.17 0.55 0.64 1.18 2.57
4 79 6.72 5.98 1.49 1.92 2.12 1.84 14.70 13.20 28.18 59.10 71.58
0.24 0.44 0.05 0.08 0.11 0.14 0.17 0.94 1.50 2.12 5.98
5 82 6.74 5.74 1.48 1.90 2.09 1.79 15.42 14.25 29.30 62.17 - 73.17
0.14 0.36 0.03 0.04 0.05 0.06 0.48 0.90 1.32 3.33 3.16

Table 2: Characteristics of a Selected Swimmer + SD

Type of Body Time of- Gliding- Mean- Limit Limit Limit C1 C2 FP1 FpP2 Fp3
Swimming Mass lDr_n Dist. Velocity Speed V,, Speed Speed Wy (N.5.Kg'1) {N.52.Kg 2} (N) (N} {N)
{Kxg) (SS\:?) (m) {ms 1) (ms™2) Vi(ms 1} {ms 1)
Legs- 79 10.97 4.55 091 1.14 1.22 0.96 9.90 17.36 11.30 25.90 25.60
only 0.03 0.34 0.01 0.01 0.03 0.48 0.33 0.70 0.58 2.20 0.43
Legs + 79 9.09 5.10 1.iQ 1.32 1.44 1.30 11.10 15.32 19.80 31.90 38.80
Fins 0.06 0.26 0.02 0.03 0.04 0.42 0.33 0.80 0.67 2.25 1.74
Hands- 79 7.86 5.71 1.27 1.63 1.79 1.53 12.79 13.48 20.82 44,25 51.87
only 0.10 0.28 0.02 0.04 0.05 0.30 0.17 0.55 0.64 1.18 2.57
Hands+ 79 7.20 6.25 1.38 1.81 2.03 1.82 13.02 12.25 23.73 48.25 62.46
Paddles 0.24 0.44 0.05 0.08 0.11 0.14 0.17 0.94 1.50 2.12 5.98
Both 79 6.72 6.15 1.48 1.91 2.12 1.87 14.72 13.20 28.20 59.10 71.58
{L& H) 0.14 0.36 0.03 0.04 0.05 0.06 0.48 0.90 1.32 3.33 3.16
Both + 79 5.60 6.48 1.78 2.31 2.58 2.30 17.11 12.20 39.50 81.35 103.9
Fins 0.24 0.44 0.05 0.08 0.11 0.14 0.17 0.94 1.50 2.12 5.98
Both + 79 5.34 6.34 1.84 2.38 2.65 2.34 17.84 12.50 45.52 87.89 110.4
{Fi+Pa) 0.14 0.36 0.03 0.04 0.05 0.06 0.48 0.90 1,32 3.33 3.16
the propulsive force equals the resistive hydrodynamic Conclusion

force. On the contrary, in the first approach, the
swimmer needs more time to reach his maximum speed.
Second approach represents an incredibly big force for
starting (4.5 x 79=355.5N), while in third approach the
starting force is about (1.5 x 79=118.5 N} which seems
to be reasonable, and can be expected as explosive force
from swimmer,

In Fig. 3, 4, and 5, show the instantaneous variations of
velocity and acceleration together with time. As can be
seen, when the acceleration is zero, the uniform velocity
commences.

Fig.6, represents the variation of propulsive or
hydrodynamic force relative to mean velocity. This figure
supports the fact that, the higher the speed is, the larger
the propulsive force should be applied. Fig. 7 represents
the variation of force relative to time. The upper curve
corresponds to the second appreoach and shows that the
swimmer should apply an lmmense force to start a 10m
swim to reach 1.84 ms "as mean velocity. Table 3,
presents a compariscn between the hydrodynamic forces
obtained in this study and those reported by other
researchers, At the speed of 0.9 ms the result obtained
by present study agreed well with what ) has been
obtained by Holmer (1974 ), and at 1.5 ms™ with what
was reported by Jiskoot and Clarys, (1974), but is much
greater than the results obtained by Toussaint et al,.
(1988-1990), with MAD system. The results obtained by
this study disagreed with the results reported by
Kolmogorov et al., {1992-1997).
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Comparison of the three approaches results showed that
the maximum speeds and hydrodynamic forces are for
higher mean velocities. The difference between limit
speeds in first and third approaches were negligible and
support the fact that third approach is one we should
consider as a final tool for determination of swimmers
characteristics. In addition comparison revealed that,
although the curves of second and third approaches had
the same general form, there were some marked
difference between them. The mean velocity had a
ﬁronounced effect on the magnitudes of the
ydrodynamic force and coefficients computed.
It seems obvious that additional research is necessary to
establish the exact approach. A Three Dimensional
Analysis would be encugh to verify the subject’s speed
when arriving at the end of 10m swim. However, current
information and empirical evidence indicate that third
approach can produce results compared, at some stand,
to the results reported by researchers with different
methods.
Although there are a number of reasons which can
account for superiority of third approach, a major
problern deals with mechanical specificity. Considering
the evidence that specificity of third approach results in
a more reasonable data obtained, Three Dimensional
Analysis should produce a more precise results with its
complexity. The present study offers inexpensive,
reliable, not complicated and very easy to use method.
Acknowledgment: First author would like to thank
Professor Dave Collins for providing facilities to pursue
this study, and is grateful to Tehran University research
Council for the financial support provided.




Shahbazi and Sanders: Kinematical Approaches For Hydrodynamic Force Assessments

VELOCITY, ACCELERATION versus TIME {A2)

: 5.
Pl %
-
[ - I
P
g
R
g o2 e
: § i e Seriesi-
¢ 1 «-Series2.
: 0 i .
¢ 1 2 3 4 5 8 7T B ¥ 10 1t 12 13 14 15
b o e - . . e ——— TIME(S.C" ——
Fig.1: The Variation of Velocities in Different Fig.4: The Variation of Velocity and Acceleration
Approaches with Time With Time in Second Approach
; e e e ,,,,,,,,W ' VELOCITY, ACCELERATION veraus TIME (A1)
: TiM ' ‘ . I
;- ACCELERATIONS versus TIME ‘ }E z IR
4B I ‘5 2
g eh | G
-EM R _i o —+- Seriest
- *Serlesh 212. * Serlea?
£ 4 Series2, Ea -
. E 154 " Series3 | & os,
g 1 ! g -
= Ll >0z- R
os | [} S —;f——'j——?——lf*—“" L I B NN W SN R
: °;1za4suvas1n : 0 2 4 8 B W 12 W 1B BN 2N AuE M
L . TME (Sec) S ] : e THEEReR)

Fig. 5: The Variation of Velocity and Acceleration in Third

Fig.2: The Variation Acceleration in Different
9 Approach with Time

Approaches with Time

VELOCITY, ACCELERATION versus TIME [A3)

FORCES versus VELOCITY

25 120,
[ :
100 i
g |
] ",
B3 oo
gu - Series2 | Y
gg 1> o et £
Q | 40
Tos- /N, ‘
. e, H |
0 ~ T el e B e s B i
001 2 3 4 5 6 7 & 9 101 1213 14 15 fe

| TME (Sec) _
Fig. 3: The Variation of Velocity and Acceleration with Fig. 6: The Variation of Forces in Different Approaches

Time in First Approach with Velocity

900



Shahbazi and Sanders: Kinematical Approaches For Hydrodynamic Force Assessments

Table 3: Comparison Mean Drag Values Obtained by Different Methods

Type of Study Year Gender M/F Drag Force (N) Mean _Velodty ms-1
Passive Measurement:
Schramm, E. 1858/1959 M 80.60 1.70
Zaclorsky and Safarjan 1972 M 64.30 1.60
Malzahn and Stafenk 1973 M 63.60 1.30
Jiskoot and Clarys 1974 -M 65.70 1.50
Holmer, H. 1974 M 26.30 0.90
Estimate Active Drag *
Rennie et al. 1975 F 76.20 1.20
Rennie et al. 1975 M 89.30 1.20
Holmer 1974 M 36.70 0.90
Clarys, 1., P. 1978 M 120.00 1.40
. Film Analysis
Schleihauf et al. 1983 M 75.40 1.70
MAD - System
Hollander et af. 1986 M 62.80 1.50
Hollander et a/. 1987 F 45,30 1.40
Van der Vaart et al. 1987 M 53.20 1.50
Toussaint et al. 1988/1990 M 53.20 1.48
Toussaint et al. 2002 F 25.49 1.10
" i M 29.95 1.10
" i F 37.45 1.30
4 " M 43,79 1.30
I 4 F 52.22 1.50
4 ' M 60.63 1.50
/" i F 69.97 1.70
" It M 80.70 1.70
Velocity Perturbation
Method
Kolmogorov et al. 1997 M 28.00 1.50
i /4 M 43.20 1.60
1 i ™M 631.50 1.70
Theoritical Indirect Present M 25,60 0.90
Method # M 51.87 1.27
Shahbazi and Sanders I M 62.46 138.00
14 1/ M 71.58 1.48
I 1 M 75.25 1.60
/! 17 M 103.90 1.78
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260 A
240
220
200 -
s 180 -
by 160 1 —e— Series1
il 1 40 N .
O 120 - —=— Series2
Fod n
—y—
8 100 - Series3
80 -
60 |
40 -
20 -
o T T T 1 T 1 T T T T T 1 1
o 1 2 3 4 5 6 7 8 10 11 12 13 14 15
TIME (Sec.)

Fig. 7. The Variation of Forces in Different Approaches with Time

901




Shahbazi and Sanders: Kinematical Approaches for Hydrodynamic Force Assessments

References

Adrian, M. J,,M. Singh and P.V Karpovich; 1966. Energy

cost of Ieﬁ kick, arm stroke and whole crawl stroke,
). appl. Physiclogy, 21: 1763-1766.

Anderson, K. L.1960. Energy Cost of Swimming. Acta
Chirur. Scand. gSuppl.Z 3:169-174.

Clarys, J.P., 1979. Human morphology and
hydrodynamics. In swimmipg I1I (Eds. 1. Terauds and
E.W. Bedingfield), 3-43. Univ.Park press, Baltimore.

Clarys, J.P.,1.Jiskoot,H. Rijken and P.).Brouwer;1974.
Total resistance in water and its relationship to body
form. In R.C. Nelson and C.A. Morehouse (Eds),
Biomechanics IV ( 187-196).

Clarys, ). P., 1978. Relationship of human body form to
passive and active hydrodynamic drag. In: E.
Asmussen and K. Jorgensen (Eds.}, Biomechanics
VI-B, 120-125. Baltimore: Univ. Park Press.

Costill, D. L., 1966. Use of a swimming ergometer in
physiological research. Res. Q. 37:564-567.

Di Prampero, P. E., D. R. Pendergast, D. W. Wilson and
D. W.Rennie; 1974, Energitics of swimming in man.
J. Appl. Physiology. 37:1-5.

Francis, P. and N.Dean; 1975, A biomechanical model for
swimming performances. In: 1. P. Clarys and L.
Lewillie (Eds), Swimming II, 118-124. Univ. Park
Press, Baltimore.

Gordon, S. M_, 1969. Cited in: V. M. Zaciorsky and I. G.
Safarian; 1972, Untersuchung von faktoren zur
bestimmung der maximalen geschwindigkeit im
freistilschwimmen ( Investigation of factor for the
determination of maximum speed in free style
swimming). Theor. Prax. Korperkult. 8:695-709.

Hollander, A. P., G. de, Groot; Ingen Schenau; G. J. van;
H. de. Best;W. Peeters; A. Meulemans and A. W.
Schreurs; 1968. Measurement of active drag forces
during swimming. J. of Sport Scence, 4, 21-30.

Holmer, 1., 1971. Oxigen uptake during swimming at
different speeds in the aquatic swim mill. In: L.
Lewillie and ). P. Clarys (Eds.), Proceedings of the
FirstInternational Symposium on Biomechanics in
Swimming, 199-205.Presse Universitaire de
Bruxelles, Brussels.

Holmer, 1., 1972. Oxigen uptake durin
man. J. Appl. Physiology, 33:502-509.

Holmer, 1., 1974a. Physiology of swimming man. Acta
Physiaol. Scand. (suppl. 407).

Helmer, 1., 1974b. Energy cost of arm stroke, leg kick
and the whole stroke in  competitive swimming
styles. Eur. 1. Appl. Physiol. 33:105-118.

Holmer, 1., 1975. Efficiency of breaststroke and free
style swimming. In: J. P. Clarys and L. Lewillie (Eds),
Swimming II, 130-136. Univ. Park Press, Baltimore.

Holmer, 1., 1974. Propulsive efficiency of breaststroke
and freestyle swimming. European J. of App.
Physiology, 33, 95-103.

Houssay, R., 1912. Forme, Puissance et Stabilite’ des
Poissons { Form, Force and Stability of Fish).
Hermann et Fils, Paris.

Jensen, R. K. and B. Blanksby; 1975. A model for upper
extremity forces during the underwater phase of the
frontcrawl. In: ). P. Vlarys and L. Lewillie (Eds.),
Swimming II, 145-153. Univ. Park Press, Baltimore.

Jiskoot, J. and ).P Clarys; 1975. Body resistance on and
under the water surface. In: 1, P. Clarys and L.
Lewillie (Eds), Swirnming II, 105-109. Baltimore,
Univ. Park Press.

Kemper,H. C. G., Verschuur;).P Clarys; j-Jiskoot and
H.Rijken;. 1976. Efficiency in swimming the front
crawl. In: P. Komi (Ed.), Biomechanics VB, 243-249.
Univ. Park Press, Baltimore.

Kolmogorov, S. V. and A. Duplisheva; 1992. Active drag,
usefu! mechanical power output and hydrodynamic
force coefficiant in different swimming strokes at
maximal velocity. ). of Biomechanics, 25, 311-318.

swimming in

902

orov, S. V., 0. A. Rumyantseva;B.] Gordon and

.Capaert; 1997. Hydrodynamic characteristics

of competitive swimmers of different genders
ggd ;:rformance Levels. J. of Appl. Biomechanics, 13,

Magel, J. R, and D.WMcardle; 1970. Propelling force and
metabolic and circulatory conciderations in swimming,
Scholastic Coach 40,58-67.

Malzahn, K. D. and W.Stafenk; 1973. Zur effektivtat
verschiedener bewegungs- varianten im burst- und
kraul-schwimmen (The effectiveness of different
movement variations in breast and crawl stroke
swimming). Theor. Prax. Korperkuft. 22: 724- 735,

Miyashita, M., 1974. Method of calculating mechanica
;fggelr:;i? swimming the breast stroke., Res. Q. 45

Mosterd, W. L., 1960. Analysis of the propelling force in
swimming the breast stroke and the dolphin breast
gggke. Konikl. Akad. Wetenschap. Proc. C 63:394-

Mosterd, W. L. and J.Jongbloed; 1962. Analysis of the
stroke of highly trained swimmers.
Arbeits?hysiologie 20: 288-293.

Pendergast, D. R., P. A, diPrampero; Graig and
D.Rennie; 1978. The influence of selected
biomechanical factors on the ener%y cost of
swimming. In: B. Eriksson and B.Furberg (Eds.),
Swimming Medicine IV, 367-378. Univ. Park Press,
Baltimore.

Rennie, D. W., D. R.Pendergast and P.E.diPrampero;
1975, Energetics of  swimming in man. In: 1. P,
Clarys and L. Lewillie (Eds.), Swimming II, 97-104,
Univ. Park Press, Baltimore.

Rennie, D. .. P.diPrampero;D.R Wilson and D.
R.Pendergast; 1972. Energetics of swimming the
crawl stroke. Fed. Proc. 32(abstr.):1125.

Safarian, I. G.,1968. Hydrodynamic characteristics of the
crawl (translation from Russian). Theor. Pract. Of
Phys. Educ. %J.S.S.RQ, 11:18-21.

Seireg, A. and Baz; 1971. A mathematical model for
swimming mechanics. In:L. Lewillie and ]. P. Ciarys
gEds.), Proceedings of the First Internaticnal

ymposium on Biomechanics in Swimming, 81-104.
Press Universitaire de Bruxelles, Brussels.

Schleihauf, R. E., 1979. A hydrod1ynamic analysis of
swimming propulsion. In; 1. erauds and E. W
Bedingfield (Eds.), Swimming III, 70-110. Baltimore
Univ. Park Press.

Schleihauf, R. E., L. Gray and J. de.Rose; 1983. Three
dimentional analysis of hand propulsion in the sprint
crawl stroke. In A. P. Hellander, P. A. Huijing, and G.
de Groot (Eds.), Biomechanics and medicine in
swimming, 173-184. Champaign. IL: Human
Kinetics.

Schramm, E., 1958 and 1959. Untersuchungsmethode
zur bestimmung des widerstandes der kraft und der
ausdauer bei’ schwimm_ sportern. (Research
techniques for the determination of drag farces of
swimming teachers). Wiss. Z. Deutsch. Hochshule
Korperkult. Leipzig. 1:161-180. )

Toussaint, H. M., 1990. Differencees in propellin
efficiency between competitive swimmers an
triathlon swimmers. Medicine and Sci. in Sports and
Exercise, 22, 409-415.

Toussaint, H. M., G.De Groot; H. H. C. M. Savelberg;
K.Vervoorn;A.P. Hollander and G.J.Van Ingen
Schenau; 1988a. Active drag related to velocity in
male and female swimmers. J. of Biomechanics, 21,
435-438,

Zaciorsky, V.M. and I.G.Safarian; 1972. Untersuchungen
von Faktoren zur Bestimmung der maximalen
Geschwindigkeit in Freistilschwimmen (Research on
factors related to maximal speed in freestyle
g\gijm%igg). Theorie und Praxis der Korperkultur, 21,

KOlTOﬁ

’



	JAS.pdf
	Page 1




