EN 4: Dynamics and Vibrations
Brown University, Division of Engineering
LABORATORY 1: DYNAMICS OF THE BOW AND ARROW

Compound Bow

Recurve Bow

Long Bow

SAFETY
You will be testing three very powerful, full sized bows. The bows release a lot of energy
very quickly, and can cause serious injury if they are used improperly.
• Do not place any part of your body between the string and the bow at any time;
• Stand behind the loading stage while the arrow is being released;
• Do not pull and release the string without an arrow in place. If you do so, you will
break not only the bow, but also yourself and those around you!
1. Introduction
In Engineering we often use physical principles and mathematical analyses to achieve our goals
of innovation. In this laboratory we will use simple physical principles of dynamics, work and
energy, and simple analyses of calculus, differentiation and integration, to study engineering
aspects of a projectile launching system, the bow and arrow.
A bow is an engineering system of storing elastic energy effectively and exerting force on
the mass of an arrow efficiently, to convert stored elastic energy of the bow into kinetic energy
of the arrow. Engineering design of the bow and arrow system has three major objectives; (1) to
store the elastic energy in the bow effectively within the capacity of the archer to draw and hold
the bow comfortably while aiming, (2) to maximize the conversion of the elastic energy of the
bow into the kinetic energy of the arrow, and (3) to keep the operation simple and within the
strength of the bow and arrow materials system. In addition, the bow should be cheap and easy to
manufacture. There are many different designs for bows: some meet these objectives better than
1

others. In this laboratory you will compare the features and performance of three different bow
designs: a European long bow; an Asiatic recurve bow; and a modern compound bow.
When engineers compare physical system characteristics, they often use non-dimensional
characteristic numbers. In this laboratory we will use three characteristic numbers; (i) the
amplification factor of the elastic energy storage of a bow; η = W/ ( FD sD / 2 ) ; (ii) the launching

(

)

efficiency of a bow and arrow system; ξ = mv 2f / 2 /W ; (iii) the relative maximum axial force

(

)

on the arrow with respect to the static buckling load; ζ = mamax / π 2 EI / L2 .
Regarding the storage of elastic energy, it is stored by drawing the bow slowly with a
static equilibrium force Fs ( s ) , as a function of draw distance s , to the release draw distance sD .
sD

The storage is made up to the amount of the draw work, W = ∫ Fs ( s )ds . If it were a linear
0

spring, then the stored energy would be FD sD / 2 , where FD is the final draw force at the release
point, i.e. FD = Fs ( sD ) . Then the amplification factor of the energy storage in the bow compared
to that of the linear spring can be defined as η = W/ ( FD sD / 2 ) .

When the arrow is launched, a part of the stored energy ( W ), is converted to the final
kinetic energy of the arrow mv 2f / 2 , where m is the mass of the arrow and v f the final speed of
the arrow as it leaves the bow. Then, the fraction of the kinetic energy within the available stored
energy, ξ = mv 2f / 2 /W , is the launching efficiency. The efficiency is always smaller than one.

(

)

While the bow string pushes the arrow from behind, the maximum force of the push is
mamax , where amax is the maximum acceleration of the arrow during the launching process.
When you process the data that you have collected in this lab, you will notice that the recurve
bow pushes the arrow twice, while the long bow or the compound bow pushes the arrow just
once during the launching process. (The recurve bow is a double kick bow.) Since the arrow is a
slender and long rod, it would buckle if it is pushed beyond the buckling limit. The dynamic
buckling limit load is somewhat larger than the static limit; however, for simplicity, the
maximum push force is compared with the static buckling load π 2 EI / L2 . Here E is the elastic
modulus of the arrow material (70 GPa for our aluminum arrows), I = π ro4 − ri 4 / 2 is a cross

( (

) )

sectional geometric property of the arrow with ro the outer radius and ri the inner radius of a
hollow cylindrical arrow. The length of the arrow is L. (You can learn this formula in EN31; but
here you just take it.) Then, the relative maximum axial force is ζ = mamax / (π 2 EI / L2 ) .
You can use these nondimensional numbers to make engineering decisions in selecting
different bows for different purposes.
In this laboratory, you study principles of work and energy, applied to a system in static
equilibrium, by integrating the force – distance relationship, and the Newton’s laws of motion
and the principles of work and energy, applied to a dynamical system, by differentiating the
(velocity square over 2 or kinetic energy) – distance relationship. You will also learn how to
perform scientific experiments and data processing including how to differentiate and integrate a
discrete numerical data set that contains measurement errors or noise. In particular, this lab is
designed to study spatial, not temporal, description of motion, which leads to the principles of
Work and Energy.
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Fig 1. Experimental Apparatus
2. General Instructions (Recommend to read http://www.imechanica.org/node/598)
•
•
•
•
•
•
•
•
•

Form lab groups of five students by signing in the form. See instructions and due dates
for signing in at http://www.engin.brown.edu/courses/en4/labs.htm .
The experimental measurements will be done by groups. Three groups may do the
experiment at one time.
The lab will be run in the Giancarlo Laboratories Rm. 096.
Labs should be done in groups, and collaboration is permitted on the calculations.
Each student should submit his or her own report. It is not acceptable for students to
submit identical copies of the same report.
See the website for the relevant due dates and scheduled lab times.
Every student must bring in a pre-lab report to get a signature of a TA before the
experiment is carried out. The pre-report form is provided in appendix A.
Every student must attach the signed pre-report to the final report to get full credit.
The data processing procedure is provided in Appendix B and an Excel template of data
processing is provided in Appendix C.

3. Experimental Measurements

There are two sets of measurements. First, you will measure the force required to draw the bow
(the static test); then, you will measure the velocity of the arrow as a function of position while it
is being fired (the dynamic test). The velocity is measured by detecting the travel time of the
arrow for a fixed distance between detectors. From the velocity – position data, you will derive
the acceleration, exerted force and kinetic energy of the arrow.
You should conduct static tests on one of the 3 bows and dynamic tests on all three bows.
You can obtain static test results for the other two bows from the other lab groups.
The apparatus is sketched in Fig. 1. Each bow is attached to a screw stage, which can be
used to draw the bow. The draw force can be measured by attaching a spring balance to the
bowstring and draw stage; the draw distance can be measured using the ruler attached to the
draw stage.
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Fig 2: Draw length of a bow
The arrow's speed is measured by shooting it through a set of 10 wire coils, 8cm apart. A magnet
is attached to the tip of the arrow, and as this passes through each coil, it induces an electric
current in the conducting wire coil. This current is amplified and a voltage proportional to the
electric current is displayed on two channels of a storage oscilloscope. The signal on the
oscilloscope can be used to measure the time at which the arrow passes through each coil; these
data may then be used to compute the velocity of the arrow.
3.1 Static Test

The purpose of this test is to construct the force versus draw curve of a bow to study principles of
work and energy, applied to a system in static equilibrium, by integrating the force – distance
relationship. You will also learn how to integrate a discrete numerical data set with noise.
You are only required to do the static test for one of the bows. To accomplish this goal,
you will attach the bowstring to a scale, and slowly draw the string back to the firing position
using a hand crank. As the string is drawn, measure the force using the scale and record it in
Table 1. Use the following procedure.
(i)
(ii)
(iii)

(iv)

(v)

Rotate the screw wheel until the mounting block is about 20-30 cm away from the
relaxed bowstring.
Attach the scale to the mounting block.
Attach the scale hook to the bowstring below the brass snap ring in the middle of the
string. The scale is now in a position to measure the force as a function of draw
distance. The starting point is the undrawn, relaxed bow/string position. The draw
force is zero when the draw distance is zero.
Draw the bow, and record the force on the scale every 4 cm from the starting point,
the undrawn bow/string position. Don't forget to record both the force and the
displacement measurements. You should measure the actual displacement of the
bowstring, Fig 2, not the displacement of the mounting stage. It is best to have one
group member work the crank, a second supporting the balance, and a third recording
the force and displacement measurements.
After reaching the maximum pull distance of approximately 50 cm, relax the string by
unscrewing the crank.
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3.2 Dynamic release test

The purpose of this test is to determine the velocity of the arrow as a function of position while it
is being fired to study the Newton’s laws of motion and principles of work and energy, applied
to a dynamical system, by differentiating the (velocity square over 2 or kinetic energy) – distance
relationship. You will also learn how to differentiate a discrete numerical data set with noise.
You will do this test for all three bows. To do this, shoot the arrow down a long tube. A
set of 10 copper coils, 8cm apart between them, has been wound around the circumference of the
tube, and a magnet is attached to the tip of the arrow, as shown in Fig. 1. As the magnet passes
through each coil, it induces an electrical signal in the coil. The signals from all 10 coils are
recorded on 2 channels of an oscilloscope.

During the dynamic test, make certain that all group members are
behind the bowstring, well away from the drawn string.
Record the data in table 2. Use the following procedure:
Measure and record the mass, diameters, length of the arrow you are using. Also
(i)
measure and record the distance between the bowstring and the first wire coil.
Place the arrow on the bow. Engage the arrow tail (called the nock) on the string. The
(ii)
nock should snap onto the string above the brass snap ring. To avoid damaging the
feathers when the arrow is fired, make sure that the odd colored feather is facing
away from the bow.
(iii) The TA will demonstrate the trigger and its use. Engage the trigger directly below the
snap ring. Attach the other end of the trigger to the screw stage.
Make sure the oscilloscope is on. Make sure the power supply is on and set to no
(iv)
more than 7 V. Make sure the cables are connected (ask a TA if you are unsure).
The triggering for the signal on the oscilloscope should already be set, but here is how
(v)
it is done. Hit the “edge” button. Turn the “level” knob. A green square should light
up in the upper right-hand corner. Move this knob until ~ “-80 mV” is selected in that
square. Look at the bottom of the screen---there are gray buttons for changing menu
options. Make sure that on the “edge trigger” option, the downward slope (curve with
arrow pointing down) is checked.
Prior to each run, hit the run/stop button. Make sure the color of the button is red. If it
(vi)
is green, hit it again so it is red.
(vii) You can control the time scale with the thick knob in the “horizontal” area at top left
of oscilloscope. Turn the knob so that the green box in the top middle of the screen
reads 5 or 10 ms.
(viii) Draw the bow. You must use the screw stage to draw the Long bow and the Recurve
bow, but you may draw the compound bow by hand if you wish. Adjust the screw
stage until the arrowhead is level with the end of the tube. At this point, the
arrowhead is nominally 4cm away from the first wire coil.
Record the draw distance. It should be within the range you measured in the static
(ix)
test.
Press the “Single” button. It should turn orange, and the run/stop button should turn
(x)
off. A green square around “trig’d” should light up in the upper right-hand corner.
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Aim the arrow down the firing tube (ask the TA how to properly aim the bow and
arrow). One of you should observe the flight of the arrow from behind the loading
stage to make sure that the arrow tip does not hit the tube walls during the test.
(xii) Fire!
(xiii) The “Run/stop” button should turn on, red, and you should see two signals. This
makes sure that the oscilloscope won't be triggered again, which would cause your
data to vanish.
(xiv) Examine the trace on the oscilloscope screen. You should see a display similar to Fig.
3. One trace of the oscilloscope shows the electrical signals from coils 0,2,4,6 and 8.
The second trace shows signals from coils 1,3,5,7 and 9; the peaks from the two
traces should alternate. Each time the signal changes sign from positive voltage to
negative voltage, the magnetic tip of the arrow is just passing through one of the
coils. Thus, the tip is passing through coil 1 at time t0 in Fig. 3; it is passing through
coil 2 at time t1, and so on. We will assume time t0 = 0. You need to measure the
times t1; t2 …t9, as follows:
• You may find it helpful to expand the time scale on the trace using the thick knob
in the “horizontal” area of the oscilloscope.
• Press the small oval `Cursors' button. A green light will appear with a
counterclockwise arrow above the knob that controls cursor position. Align the
vertical line with the first zero crossing. (A warning - the first zero crossing can
be quite hard to find. Make sure you can find 10 zero crossings. If one appears to
be missing, ask the TAs for help).
• To read the zero crossing, you may want to use the vertical AC knobs to align the
zero of the signal with a horizontal grid line.
• Use the cursor buttons to align the vertical line with each of the zero crossings,
and record the time of each zero crossing. The times are displayed, in
milliseconds, on the bottom left hand corner of the screen. You may find it helpful
to display one trace at a time to see the zero crossings more clearly---use the “1”
and the “2” buttons.
(xi)

Fig 3: A typical time display on the oscilloscope
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General Remarks
To get good results, you must shoot straight, and release the arrow smoothly. If you pull the
bowstring sideways, the arrow buckles while it is being fired. This produces very strange looking
velocity and acceleration curves, even though the shot might look fine to the naked eye. We
recommend that you obtain several sets of data for each bow (shoot each bow at least twice,
preferably three times) to increase your chances of obtaining at least one good set of data.
4. Calculations and Graph Plotting ( The steps you should follow for each graph and
calculation are described in Appendix B. )

You should do the following calculations using the data obtained from the static tests:
Plot the draw force vs. draw distance s curves, Fs ( s) , for all three bows.
(i)
(ii)
Calculate the draw work W and the amplification factor of the elastic energy storage
of the bow, η = W/ ( FD sD / 2 ) , for each bow.
You should do the following calculations using data obtained during the dynamic tests:
(iii) Calculate the velocity, v , of the arrow at every midpoint between two adjacent coils,
and plot a graph of arrow v 2 / 2 versus the arrowhead position x for each bow. Then,

(

)

calculate the launching efficiency of the bow and arrow system, ξ = mv 2f / 2 /W for

(iv)

(v)

each bow.
Interpolate v 2 / 2 as a function of the arrowhead position x with 5th order polynomial,
and take a derivative to get the acceleration as a function of x in 4th order polynomial.
Then, plot the force Fd ( x) = ma ( x ) as a function of x, and calculate the relative
maximum axial force on the arrow with respect to the static buckling load,
ζ = mamax / (π 2 EI / L2 ) .
Plot Fs ( s) and Fd ( s0 − s + x0 ) = ma ( s0 − s + x0 ) on the same graph, and compare the
dynamic and static force characteristics of the bow, for each arrow.

5. Report

Your report should compare the characteristics of the three bow designs, and discuss the
suitability of each bow for target shooting, hunting, and as a weapon of war.
You could use the links to Archery web sites on the EN4 web page to find out more about the
desirable characteristics of bows for these applications. You should also discuss the factors that
influence the dynamic efficiency of the bow. The report should contain the following sections
(i)
Cover sheet: The cover sheet should show a title; your name; the names of the other
members of your lab group, and the date the experiment was performed.
(ii)
Introduction: The introduction should summarize the objective of the report; give
any background information that you think is relevant (e.g. history; general issues in
bow design; description of the various bow types); outline the results that will be
presented in the report and summarize the conclusions. It should be as short as
possible (300 words).
(iii) Experimental Method: Describe the experimental method and apparatus briefly.
You can take most of this from the lab sheet but use your own precise wording so that
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(iv)

(v)
(vi)
(vii)

the description is clear to another experimenter. Describe how you compute the work
done in drawing the bow and how you determine the arrow's velocity and acceleration
from your measurements. Again, make your description as short as possible but be
complete and precise.
Results and Discussion: Show the graphs listed in the preceding section (Don't list
your actual experimental measurements. They should go in an appendix). Comment
on the general features of the results and on any remarkable differences between the
three bows. Prepare a table comparing the characteristics of the three bows: list the
maximum draw force; the energy stored in the bow and its three non-dimensional
numbers discussed in Introduction. You could add to the table other features that
distinguish the bows: reliability; complexity; cost; weight, etc. Decide what
characteristics are desirable in a bow and discuss which bow best meets your criteria.
Also, in a separate subsection, discuss the factors that you think determine the
dynamic efficiency of a bow. For example, why is the dynamic efficiency less than 1?
Where did the extra energy go? Is air resistance important? Why is the force acting on
the arrow while it is being fired different from the static draw force? What are the
variables that might determine the efficiency of a bow? (e.g. the mass of the
bowstring; the bow material…) What experiments or calculations would you do to
determine the influence of these variables on dynamic efficiency?
Conclusions: No more than 50-100 words. The conclusion is a concise summary of
your findings pertaining to the specific stated purpose of the experiments.
References: Cite any books or web sites that you have used in preparing your report.
Appendix: Attach your tables of experimental measurements and any calculations in
an Appendix.

General instructions on report: Presentation is important. Your report should be prepared
using a word processor and printed using a good quality printer. All graphs should be clearly
labeled; axes should be labeled with the variables and their units. Make sure your report is wellorganized and present topics in a systematic way. Written style is important too: make sure your
sentences are well structured; don't switch between tenses in a paragraph; avoid using the same
word too many times in successive sentences. It is considered bad form to excessively use the
first person (“I” and “we”) in technical reports. Try reading your report aloud. If it doesn't sound
right, it's badly written. Above all, be brief. Your report will be judged by the quality and number
of ideas in it, not by its length. A significant proportion of the grade for your report will also be
awarded for presentation and written English. If you find writing difficult, you are welcome to
ask the graduate TAs and professors for help.
6. Useful References
[1]
The Encyclopedia of Archery, Paul C. Hougham, A.S. Barnes and Company
INC.,1958. (Library of Congress Catalog Card Number: 57-9910).
[2]
Archers Digest; Encyclopedia for All Archers, edited by J. Lewis, Digest Books,
INC., 1975. (ISBN 0-695-80218-6, LCCCN 77-148772).
[3]
Archery, Pszczola, L. and Mussett, L. J., third edition, Sauders College Publishing,
1984.
[4]
The Traditional Bowyer's Bible, (Vol. 1; Steve Alley, et. al.), (vol. 2; G. Fred Asbell
et. al.), (Vol. 3; Tim Baker, et. al.), Bois d'Arc Press, 1993. (ISBN 1-55821-207-8).
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APPENDIX A: Pre-report with a lab note to perform the experiment

EN 4: Dynamics and Vibrations
Brown University, Division of Engineering
LABORATORY 1: DYNAMICS OF THE BOW AND ARROW

Date and Time ______________________________________________

Team Name:

______________________________________

Your Name:

______________________________________

Other Members

1)________________________________________
2)________________________________________
3)________________________________________
4)________________________________________

Teaching Assistant Initials ______________________________________

* Every student must bring in this two-page pre-report before the experiment is carry out and the
pre-report signed by a TA must be attached to the final report to get full credit.
Page 1
9

Objectives and Preliminary Introduction (less than half page with font 12)

Brief Description of Experimental Procedure (less than half page with font 12)

* This page must be filled in before the experiment is carried out.
Page 2.
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Page 1

Laboratory Note
Team Name:

Date:

TA signature
Record on-site observations and calculations on this page

* Each team must bring in one set of this four-page Laboratory Note printed, and the note filled
in during the experiment must be signed by a TA when the experiment is completed. Copies of
the filled-in note must be distributed among the team members, to be used for individual data
processing. The copies must be attached to the final report.
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Table 1: Static Pull Test Results (Each group measures one bow)

Page 2

Long Bow

Compound Bow

Recurve Bow

Draw distance Balance
(m)
reading (lbs)

Draw distance Balance
(m)
reading (lbs)

Draw distance Balance
(m)
reading (lbs)

Remarks:

Remarks:

Remarks:
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Table 2A: Dynamic Test Results (Each group fires all 3 bows)
Page 3
Long Bow
Compound Bow
Recurve Bow

Arrow Mass
(g)
Arrow
Length (cm)
Max draw
(cm)
Coil Position
(cm)
0
4.0
12.0

2

20.0

3

28.0

4

36.0

5

44.0

6

52.0

7

60.0

8

68.0

9

76.0

Shot 2

Shot 1

Shot 2

Shot 1

Shot 2

Time
(msec)

Time
(msec)

Time
(msec)

Time
(msec)

Time
(msec)

Time
(msec)

Remarks

1

Shot 1
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Table 2B: Dynamic Test Results (Each group fires all 3 bows)
Page 4
Long Bow
Compound Bow
Recurve Bow

Arrow Mass
(g)
Arrow
Length (cm)
Max draw
(cm)
Coil Position
(cm)
0
4.0
12.0

2

20.0

3

28.0

4

36.0

5

44.0

6

52.0

7

60.0

8

68.0

9

76.0

Shot 4

Shot 3

Shot 4

Shot 3

Shot 4

Time
(msec)

Time
(msec)

Time
(msec)

Time
(msec)

Time
(msec)

Time
(msec)

Remarks

1

Shot 3
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APPENDIX B: GRAPHS AND CALCULATIONS
Important Note: This laboratory is designed to study principles of work and energy. The
principles of work and energy in dynamics are based on spatial descriptions of motion. Forces
are measured in terms of draw distances and the velocities of the arrow are detected at different
arrow tip positions. (The momentum principles are based on temporal descriptions of motion in
dynamics, and they will be handled in Laboratory 2.) In Laboratory 1, you encounter interesting
issues of temporal description versus spatial description. The expressions of acceleration,
d 2x
d ⎛ v2 ⎞
a = 2 (temporal description) and a = ⎜ ⎟ (spatial description) are simply different
dt
dx ⎝ 2 ⎠
descriptions of the same quantity in theory. However, different choices of the expressions make
huge differences in data processing for its easiness and accuracy. For example, the red curve in
Fig. B-1 shows the double peak force (proportional to the acceleration) exerted on the arrow
during the launching process of a recurve bow. If we fit the data with polynomials to take
differentiations, we have to use at least 4th order polynomials to capture the double kick
acceleration. Then, the arrow tip position with respect to time, x(t ) , must be expressed in a 6th
order polynomial in the temporal description. Since we have only seven or eight data points for
the acceleration process in our experiment, the fitting curve will pass all or most of the data
points that contain measurement errors. The second derivative of a data with such errors
amplifies the errors in acceleration so much that we cannot resolve the actual acceleration of the
arrow, if we use the temporal description. As a matter of fact, control of errors or noise in data or
signal processing is a significant part of science and engineering work. [You will waste a lot of
time and get nothing in preparing for your lab report, if you use the temporal description for data
processing for our Bow and Arrow Dynamics Laboratory.]
Static Force Fs
Dynam ic Force Fd
Poly. (Dynam ic Force Fd)
Poly. (Static Force Fs )
250

Forces Fs & Fd (Newton)

200

150

100

50

0
-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

Draw pos ition s (m )

Fig. B-2. Static draw forces as a function of draw position, in a blue curve; dynamic forces
exerted on the arrow during the launching process in a red curve, for a recurve bow.

The sections below describe in detail how to do the calculations and plot the graphs for this
laboratory.
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1. Force-Draw Curve

Plot a graph of the data you recorded in the static pull test, showing the draw force Fs ( s ) in
Newton on the y axis and draw distance s in meters on the x axis, as shown in Fig. B-1 in blue tic
marks. Then, interpolate (or best fit) the data in with a 4th order polynomial. All forces and
accelerations must be interpolated with 4th order polynomials, while all velocity square, work
and energy with 5th order polynomials.
2. Work done in drawing the bow and the amplification factor of energy storage

By definition, the work W done in drawing the bow to the release draw distance

SD

is

sD

W = ∫ Fs ( s )ds . Once the static force Fs ( s ) is interpolated in a 4th order polynomial, the
0

integration can be carried out analytically. In the Excel template in Appendix C, the integration
is carried out in terms of x variable instead of s variable, in convenience for over all data
sD

processing, W = ∫ Fs ( sD − x)dx , since s = sD − x . Then, the amplification factor of the energy
0

storage in the bow compared to that of the linear spring, η = W/ ( FD sD / 2 ) , can be evaluated.
3. Arrow velocity and acceleration

In the laboratory we record the passing time {ti , i = 0,1," ,9} of the arrow-tip, at each
nominal coil location { xni , i = 0,1," ,9} . With the data set, carry out the data processing in
following steps. See examples of the processing in the Excel template in Appendix C.
Evaluate the velocity vi = ( xni − xni −1 ) /(ti − ti −1 ) at each midpoint xmi = ( xn i-1 + xn i ) / 2
between two adjacent measurement coils, for i = 1, 2," ,9 .
Re-evaluate the arrow tip location of the release point for the nominal release position of
(ii)
xm0 = 0 , making linear fit of ( 0, 0 ) , ( xm1 , v1 ) , ( xm2 , v2 ) with a form of y = Ax + B . (See
(i)

yellow cells in Appendix C.) Here, the re-evaluated location of release point is x0* = − B / A
where the y value, velocity, vanishes. Then, we reset the arrow tip position coordinate with
respect to the re-evaluated release point as x0 = 0 and xi = xmi − x0 *, for i = 1, 2," ,9. (This
step is required, since the release position of the arrow tip is not accurately known initially. In
addition, we get another data point of velocity measurement, v0 = 0 at x0 = 0 , with this step.)
(iii)

Fit the data

{( v

2
i

}

/ 2, xi ) , i = 0,1," , 7

of 8 points with a 5th order polynomial of six

unknown coefficients to get vi2 / 2 = A0 + A1 x + A2 x 2 + A3 x3 + A4 x 4 + A5 x5 , and then to get the
d
acceleration, a ( x ) = ( v 2 / 2 ) = A1 + 2 A2 x + 3 A3 x 2 + 4 A4 x3 + 5 A5 x 4 . (See green cells in
dx
Appendix C.) In this way, the measurement errors in the data set can be regulated with the
polynomial fitting. (Tricks of carrying out analytic differentiation, integration and plotting of
the functions with Excel program are given in Appendix C. You can contact lab TAs if you
wish to get more details.)
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4. Resultant force acting on the arrow during firing

Once you get the acceleration a ( x ) , the dynamic force acting on the arrow is Fd ( x ) = ma ( x ) .
The dynamic force Fd ( sD − s ) , shown as a red curve in Fig. B-1, can be compared with the static
force , Fs ( s ) shown as a blue curve in Fig. B-1, in terms of the draw distance, s. Then, the

(

)

relative maximum axial force, ζ = mamax / π 2 EI / L2 , can be evaluated.
5. Kinetic Energy of the Arrow and the Dynamic Efficiency

By definition, the kinetic energy of an arrow of mass m, which travels with velocity v, is
2
T = m v / 2 . The kinetic energy of the arrow during the launching process of a recurve bow is
calculated in dark-green-box cells in Appendix C and shown as a dark green curve in Fig. B-2.
The kinetic energy is compared with the static energy released by the bow, shown in a red curve
x

in Fig. B-2. The static energy released by the bow is given by Es ( x) = ∫ Fs ( sD − x′)dx′ . (See
0

purple cells in Appendix C.)

Evidently, Es ( sD ) = W . Then the dynamic efficiency

ξ ( x ) = m {v ( x )} / {2 Es ( x)} during the launching process can be computed and displayed as
2

shown as a red dash line in Fig. B-2.
As shown in Fig. B-2, the energy is transferred to the arrow in variable rates during the
launching process. In the beginning of the launching process, the elastic energy release is shared
between the motions of the bow and arrow more or less equally for a well designed bow, i.e.
ξ ( 0 ) = 0.5 . Then, the efficiency ξ ( x ) climbs up to high values as it accelerates to the final
velocity. In theory, ξ ( sD ) is the dynamic efficiency of the bow and arrow system. However, the
arrow can lose energy in nock friction as it leaves the string of the bow. Therefore, we calculate
the dynamic efficiency of the bow and arrow system as ξ = mv 2f / 2 /W for which v f is

(

)

evaluated as the average value of v7 , v8 and v9 . The three velocity values v7 , v8 and v9 are
measured for free flights of the arrow right after it leaves the bow string.
All the non-dimensional numbers, ξ ,η and ζ are calculated in red cells in Appendix C.
Now, the non-dimensional numbers can be used to choose different bows for different purposes.
In this laboratory you have seen engineering experiments to create multiple solutions for a
problem of engineering decision making to make the best bow design for various uses of the bow
and arrow system.
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Fig. B-2. Kinetic energy of the arrow as a function of arrow tip position, in a green curve; static
elastic energy release of the bow in a purple curve; dynamics efficiency in a red dash curve, for a
recurve bow.

Appendix C: Excel Template of Data Processing

Download the file here.
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