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Abstract - Several key concepts in mechanical
engineering, such as free-body diagram analysis, rie
flow concept, stiffness network, observing coordirtas for

kinematics, stress analysis, electric circuit analis,
tolerancing, etc, often present great difficulties to
students. In this paper, the author starts an attpt to

revisit some fundamentals. It will be called nuggs of
mechanical engineering. Although no new theoriesdve
been developed, the presented thoughts and methods
might be useful to help ME students to become more
fundamentally sound. In this first of a series oplanned
papers, the author focuses on the free-body diagranthe
force flow concept, and spring network model. Théorce
flow concept is in particular powerful in handling over-
constraint systems, such as those in most practical
machinery. Several practical examples are used for
illustration.

Index Terms— Free-body diagram, Force flow concept,

Stiffness, Spring Network.
INTRODUCTION

Mechanical Engineering students have the burdestudy a
wide range of subjects, such as sold mechanicgminand
control, fluid mechanics, thermodynamics, design, &he
fundamental concepts covered in the first and stg@ars
of study are often most important and can affeairth
proficiency in handling more difficult subjects tineir junior
and senior years. Several key concepts, sucheashbdy
diagram analysis, force flow concept, stiffnesswaek,
observing coordinates for kinematics, and stresslyais,
often present great difficulties to students. om8times,
incorrect perception of these important fundamecaalkepts
does more harm than good.

In this paper, the author revisits some fundamenté
will be called nuggets of mechanical engineeriddthough
no new theories are developed, the presented thowagtd
methods might be useful to help ME students to tmeco
more fundamentally sound. In this first of a serief
planned papers, the author will focus on the fredyb
diagram, the force flow concept, and the springwoet.
The force flow concept is particularly powerful liandling
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over-constraint cases, as in most practical machine

Several practical examples are used to furthestithte the

usefulness of these techniques.
Specific nuggets that would be presented are lisked

follows:

e A simple procedure for counting all forces in tmeef
body diagram analysis.

* Filling-in instead of cutting-off in the free-bodljjagram
analysis.

e Procedures to construct a force flow chain.

« Force flow chain case #1: without external forces.

» Force flow chain case #2: with external forces.

e Procedures to convert force flow diagrams into ngp
network.

e Sense of comparative stiffness.
Spring network analysis considering initial stadéshe
springs.

* Practical examples.

REVISIT OF FREE-BODY DIAGRAM ANALYSIS

. The ABCC Procedures

It is true that conducting the free-body diagranalgsis is
easy but it is also true that the analysis is ofitenmplete or
wrong if it is not conducted carefully. A commoristake is
that one or more forces are overlooked during thedyais.
For minimize the chance of overlooking some fordbs,
following procedures can be suggested to studeritsis
denoted as the ABCC procedure. Each letter ofetliesr
letters, ABCC, represents a specific force typg.falowing
the ABCC procedure, a student would go through yever
force type, thus minimizing the chance of overlogkany of
them.

« Letter “A” stands for applied forces or external forces
to the system. These are the forces applied teytsiem
which can be static or as functions of time. Ofirse,
the applied force can also be in the form of begdin
moment, torque or distributed forces.

e Letter “B” stands for body forces, which include the
forces due to gravitational, electric, magnetiddfe etc.

In most cases, body forces can be neglected tolifimp
the analysis but it is of value to go through theught
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process of identifying them and then taking therifof IlI. Filling-in instead of Cutting-off
they can be ignored.
* The first Letter “C” stands for contact forces. When

\:]V:egct)gdr:%ot\?:Sfc:ﬁ]e:::%drét?;ﬁﬂ;an:f {ahneag;r'lss’ﬁ;/i'%?ﬂe%onstraints or cutting off a part of a system aeplacing

- them with equivalent forces and/or moments. Howeve
a permanent type, the forces required to replaeseth there are cases where we can fill in a system tkeniga
constraints will be called the contact forces. For eometrically simpler for analysis. The proceduire®lved

eZ?nTgrl]ee’ntF bboa:lld 'Egstttlwr:egsﬁr?acz gllit msgrg?c?n Ic?nn?; or this filling-in analysis in general follow theverse order
P y y of the conventional steps, in which a part is reetband

with the surface. The contact forces to be comsitlare forces are introduced. We will use a bearing stfld

gZ?fgs;mﬂnc donttﬁgt ];gzceér:,;/igIIChC(l)snPa?:rtm%rt:oeth(\j\}ﬁi(z:th ianalysis example to illustrate the filling-in prdeees for the
! 9 ' eversed free-body diagram analysis. This filling-i

tangential to the contact surface. Normally, nomaats i
. . procedure was suggested by Prof. J. Barber [2]ealing
need to be considered when a contact-type constgin with a spindle bearing problem in [3].

removed.
« The second Letter “C” stands for constraint forces. e -- Housi
- ousing

Here, the constraint forces are defined to theelorc .-~

and/or moments needed to replace a constraint wherg Spindle
two bodies are bonded permanently. These con&train{w ) Block
include pin supports, clamped supports, weldedtgpin

Almost all the examples in standard textbooks rdiggrthe

or splitting a component into two parts.

The example below, from a Statics textbook [1]used to
illustrate the effectiveness of the free-body démgranalysis
following the ABCC procedure. When an ME studesit i =
asked to produce a correct free-body diagramegfample,

the one shown in the left-bottom diagram in Fig(tg)
based on a given problem (for example, the one shinowhe
left-upper diagram of Figure (1)), he or she ugusiles to

label all related forces without following any spiec
sequences. Quite often, one or two forces areentsgl
during the analysis, leading to incorrect answé&g.the
following the suggested ABCC procedure, student gai
through all four different types of forces in anganized

way. Therefore, they can reduce the chance ofimgisany
forces. The diagrams on the right-hand side ofufeig(1) =
break down the four A-B-C-C steps in order to derthe
correct free-body diagram. For the problem showigure

(1), it might appear trivial in applying the ABCCGqgeedure;
however, following the suggested procedure ofterkasa
students more disciplined and organized in thedtyesis.
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, " s FIGURE 2
B Bearing sensor design with the filling-in procedfoe
\ - the reversed free-body diagram analysis.
I
! e V= J As shown in Figure (2), a set of strain gages arbe
1 / mounted on the outside surface of the bearing airtgrin a
c machine tool spindle. In order to mount these @enst is

M

/ . ¢ /\/’O\" necessary to grind a groove around the outer rimg t

5 /’ N J u/{ N _}' accommodate strain gages. It is then desirablestimate
y the strain field at the sensor location for thesserdesign.
B, Figure (2) illustrates the steps of the free-bodggm
Figure (1) analysis with the filling-in technique. First, thepindle
bearing housing is isolated as a cantilever beath an
external loadingP,. Notice that the groove around the outer
ring is identified in Figure (2). As shown in tlealarged

Free-body diagram analysis following the ABCC
procedures.

Coimbra, Portugal September 3 — 7, 2007
International Conference on Engineering Education 4CEE 2007

free-body diagram analysis are related to removing



view of the groove, we now introduce force pairs the
walls of the groove. With superposition, we sgii# original
case into cases A and B. Case A cont&nsnd the forces
inside the groove which are pointing outwards, wlitihse B
contains only those forces outside of the groowimtmg
inwards. If we choose these force pairs in corradtes,
those forces inside the groove pointing outward ten
considered as the reaction forces if there is raogg; in
other words, we can fill-in the groove to replalsese forces
inside the groove. This is exactly reverse of fagtree-
body analysis in which body is removed and replanethe
equivalent forces and/or moments.

We can take the same step further by introducimgefo
pairs around the outer surface of the housing ise cA.
Following the same procedures, the forces poinitineards
are now replaced as an infinite body as cagsead those
forces pointing outwards forms case AAs discussed in [3],
the strain field at the sensor location insidegt@ove can be
determined with acceptable accuracy by considesasg A
only. The advantage of all these filling-in stépsiow clear
as case A has a classical, closed-form solution [4].
Therefore, without jumping to the FEM codes, we bawe a
credible estimate of the strain field of the ensstem. |If
high accuracy is desired, one can always turn ¢oREM
codes but the result of the above analysis cdrbstilised for
cross-checking to debug errors of the FEM programgmi

FORCE FLOW CONCEPT AND SPRING NETWORK M ODEL

I. Force Flow Concept and Force Flow Loop

Although the free-body diagram analysis is usefad a
essential in the force analysis of mechanical systdt can

analysis. In addition to the procedures describel®], we
propose to add a letter, “C”, for identifying conmgmts
under compression and a letter, “T”, for those uridasion.
The size of the force flow loop is also an indioatiof the
effectiveness of a machine design. As markedgarE (3),
the press on the left employs a larger force-floapl. A
larger force flow loop usually indicates more coments are
under loading. For the press design on the leRigure (3),
the force flow passes through all sections of taen&é which
means that these sections are carrying loadsresult, they
require heavy construction which increases the desight
of the overall press significantly. An even greateficiency
of this design is that their long power screws lagged in
compression, which invokes immediate concern oklung,

which drastically reduced the press load capacity.

Ji é \;-
1 g

R
|

ek

T

L L L

T
t

i |

Pl TR T iR T R TR TR AR

I
==l

Tﬁ'r
:-;‘Pi': T v\‘x_‘
U _

T
Mat riat

T
I
ini
| compressad
i
I
I
I
i

T

(=

I
10 B L

i

T
I
1
i
I
|
]
i
]
1
|

_— Thrust ‘Lshers.,

. ‘
i iz

. II\J\IAIlil\_+i.
LIRS R R e RSN

() Serews in compression (paor) {k) Screws in tension (goos

Figure (3)
Application of force-flow concept for design [5].

become highly complicated if a system contains many

components and/or the system is over constraindd.
practice, most machinery contains
configurations. To deal with these more complidatases,
the force flow concept, to be introduced in thistem, is
particularly powerful. An excellent description tfe force
flow concept can be found in [5]. It showed that force
flow concept can be used to effectively locate icalt
sections of a machine structure, to analyze rechtrdiactile
structures, and to determine stress distributidhiwiaxially
loaded members [5]. In this paper, we will onlypyde a
brief introduction to the force flow concept so tthee can

avoid repeating the materials that have been phpperhighly complicated task.

covered in [5]. We will, instead, focus on the wersion of
a force flow loop into a spring network which makiae
analysis of redundant ductile structures more fivieli

To apply the force flow concept, we employ an older
procedure of following the “lines of force” througthe
various components of a mechanical system [5]. fil®
presses in Figure (3) from [5] provide an excellexample
for demonstrating the effectiveness of the forcewfl
concept. The red lines in Figure (3) represent flath
through which the force flows, and these paths wxadly
connect and form a loop. By looking the force flmep, it
becomes very easy to identify if a component iseund
loading without the need to conduct the free-bodgihm
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In comparison, the design of the press on the right

over-constraininvolves of a smaller loop. All sections of therfra are not

load carrying. In addition, its long power screave loaded
in tension instead of compression. As a resudt,pfess on
the right has a light deadweight, is of lower mialecost,
and has a higher load capacity because theredsmeern of
buckling.

Such quick and insightful observation of two press
designs is made possible with the use of the fliove-
concept. If students can only analyze this probieraugh
the conventional free-body diagram analysis, it Mdoe a
Even if students are atie
disassemble the entire press into several free-d@dyrams,
the problem will still be unsolvable because theilebe too
many unknown forces involved in those free-bodychans.

Il. Spring Network converted from Force-Flow Loop

The force flow concept not only can provide a quarkd
insightful design evaluation, it can also be useddtermine
forces acting on different components. As mentibakove,
using the conventional method, students will beénigdoo
many unknown forces to continue their analysis loé t
problem.

In order to determine the unknown forces ower-
constraint problems, it is necessary to converbraetflow
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loop into a spring network model. Spring networkdeals
have been used to analyze loading capacity of gpimt
particular bolted joints in [6]. However, no iniue
procedures are provided in [6] for constructing arect
spring network. In this paper, we will show thalldwing a
force flow loop, a spring network model can be figad
constructed. For illustration purposes, we wile wother
example from [5]. Note that, in [5], this exampleas
analyzed using the conventional free-body diagraaiyais,
and students often have difficulties to comprehehd
analysis because it involves an over-constrainblpra. As
shown in Figure (4), two sealed tanks with highsptee gas
inside are illustrated. The tank on the left hasfa gasket to
seal between the cover and the tank body, whileotieeon
the right uses an O-ring with the cover directlyciontact
with the tank body. For the tank on the righisitmportant
that the mating surfaces of the cover and the tmdy are
machined within a proper flatness tolerance to ta#in
proper seal.

As illustrated in Figure (4), a force flowolp is plotted
for each tank. In addition, we draw a slenderanegtlar on
each force flow path to represent the component tia
force passes through. With this extension, the fozee flow
loop can be readily converted into a spring netwmiddel.

This is done simply by replacing each component (th

slender rectangular) with an equivalent spring. @eg to
remember is that an equivalent spring is also rkéalethe
interface between two mating surfaces (see belows
shown in Figure (4), there are many equivalentnggrito
consider. Because the resulting spring modelbeahighly
complicated when many components are involvedjlitbe
beneficial to conduct some preliminary rigidity &ss to
simplify the spring network. Therefore, insteaddodiwing a
complicated spring network by including every eglént
spring, we will first identify the relative springonstant of
each component. Those with very high relative ngpri
constant can be treated as rigid and be excluded fhe
analysis.

IEXEY)
F,
| Soft gasket /- __
“O-ring” gasket |
| “‘Hm@ B
l fo '
)
ISRV EVENET RN Y]
I_%‘—
FIGURE 4
Force-flow loop and its conversion to spring networ
model.

As shown in Figure (4), there are seven springstd®7, to
be considered. For springs K1 and K7, they awgedIto the
bending mode of doubly clamped thick and shortcstmes.
We can safely assume that they are of very higtitygand
exclude them from the analysis. Springs K2 andakeldue
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to the Hertzian contact stress between two fldfiases. The
equivalent spring constant between two flat matafases is
usually very high [7] when it is compared with tloditspring
K3 which is related to the tension of a slendet.b8ecause
K3 is connected in series with K2 and K4, the comadi
stiffness of springs is dominated by the softelingprthus,
K3. As a result, we can exclude K2 and K4 from gsial
For the tank on the right, spring K8 is relatedhe contact
stress between the cover and the tank body, whilag K5
is related the O-ring. As these two springs angairallel, K8
will be dominating; thus K5 can be excluded fronalgsis
for the tank on the right. On the other hand,tfar tank on
the left, spring K5, which represents the soft gaskust be
considered because it does not connected in serigéa
parallel with any other springs. Finally, sprin i§ related
to the tank body, which is of very high stiffneasd, thus,
can be considered as rigid.

After the above analysis of relative stiffness, thece
flow loops in Figure (4) can be converted into msahnpler
spring network models as shown in Figure (5).

Fe Fe
KS % T%KB K8 % T%m
(al)
Fe Fe OV
Kséf T%K3 K8 % T%KS
(@2) (b2)
FIGURE 5

Simplified spring network models for the tank prerls

Now let's consider the tank on the left as represgiby
the spring network model of Figure (5al). Befonalgzing
Figure (5al), we would consider the case befBgeis
applied. This is the case when the tank coverdanted and
the bolt is tightened to a pre-determined load. isTh
preloading practice causes the bolts to be extenddd the
soft gasket is compressed. After preloading, #ek tis
represented as the spring network model in Figha@), Let
the initial deflection of the bolt be&)k, and the initial
compression of the gasket b, the preloading forces,,,
can be expressed as

@

After filling in high pressure gas into the tankgtexternal
force F. is now applied and is represented by the spring
network model of Figure (5al). The external for€e,
causes the bolt to be further extended by a déaftect while
causing the soft gasket to be less compressed ebgaime
amount,d. In other wordsF, is taken up by both Kand

Ks,

Fpo = K305 = K50
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Fe :AFg + AF5= 5K3 + 5K5 (2)

and the forces acting orzl&nd Ksnow become

F3=(00t0) Kg= Fpot+ 4F;
Fs=(-050+0) Ks = -Fpo+ 4Fs (3)
From Equations (2) and (3), it follows that

AF3 =FeKs /(Ks+ Ks)
AFs =FeKs /(Ks+ Ks) (4)
As a soft gasket is used, it is true th&f >> Ks ;
therefore,
AF3 [JF
AFs [0 5)
Equation (5) indicates that most of the externaldlog is
taken up by the bolt by further extending it. Sananalysis
can be conducted for the tank on the right (Fig(s&d) and

(5b2)). Becaus&Kg >> Kz, we can reach a completely
different result as

AFg [JFe

AF3 [0 (6)

Equation (6) indicates that the external loadingnisw
mainly used to release the compression betweemtting
surfaces of the tank cover and the tank body. Illyin& a
hard gasket is usedz andKs can be in the similar order of
magnitude. As a result, a portion of the exteffioate is
used to release the compression force and thesrased to
increase the tension of the bolt as indicated hyafign (4).

When the author presented this problem to students,

almost all students intuitively assumed that thi isataking
up the entire external force without realizing thatiso takes
effort to release compression. By constructingrad flow
loop and then converting it to a spring network eipdhe
problem becomes straightforward and easy to urafest

APPLICATION TO MACHINE TOOL SPINDLE DESIGN AND
ANALYSIS

Let's apply the force flow concept and the abovaneple to
a practical machine tool spindle design problenguie (6)
is a precision tool-room surface grinder spindéanfr8].

-

I

;;;;;

FIGURE 6
Precision Tool-room Surface Grinder Spindle
As this spindle is designed for cylindrical gringjrthe
grinding forces are mainly in the radial directiand the
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axial direction if the front face of the grinderdkso used for
grinding. The radial grinding force and its resigtbending
moment to the spindle are taken up by both thet faod the
rear bearings. The reaction forces in the radiaction of

the bearings can be easily determined by assuntieg
bearings are simple pin-supports. However, for dbhel

force, it is more complicated. First, we recogritzat on the
front bearing set can counteract the axial forceabse the
rear bearing set is designed to be floating axiadiythat it
can accommodate thermal expansions. Secondly etéénig

sets in this precision spindle are preloaded. fiedoading
and the thermally induced preload
investigated in a series of papers [9-15].

The loading condition of the front bearing set unithe
preloading force and the thrust force has beerudsad in
[14] and we will find it very similar to the examgptliscussed
in Figures (4) and (5).

Housin

1) (2)

Path #1

T

Path #2

| Shaft

A X2

A X1

FIGURE 7
Thrust load analysis for back-to-back Bearing set.

As shown in Figure (7), during the preloading stége, the
thrust load T is zero), a compressive prelégglis created
and both spring K1 and K2 (similar to Figure (5a2)Yhen
the thrust force, T, is applied, it is used to @a&se the
compression in K1 (loading), while to
compression in K2 (unloading). This is similarthe tank
example (Figure (5al)). The spring network inufey(7)
provides a visual analysis for these loading comalit As
the stiffness of the bearing is mainly due to thestic
deformation of the ball, experimental results fr{8h show
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that, for ball bearings, the average loading stéof K1 is

approximately twice the unloading stiffness for K2.
Therefore,
1 2K ()
Following Equation (4), we have
AF, J2/3T
AFs 13T 8

The result of Equation (8) indicates that 2/3 @& thrust
load is used to further increase the force onfribrg bearing
K1, while one third of it is used for unloading thmear
bearing K2. As a result, the front bearing K1 i®ren
susceptible to failures. To release overloadinghef front
bearing, different bearing configuration such asséhshown
in Figure (8) can be employed [8]. From the abamalysis,
it becomes clear why the design in Figure (8) fieative.

(1) Q)] (2)

pa pa

T

R

FIGURE 8
Thrust load analysis for triple unit Bearing set.

For the triple unit configuration of Figure (8), hecomes
clear that 80% of the thrust load is used for Ingdhe first
two bearing (40% each), while 20% is used for udilog the
rear bearing [8].
turning machines or machining centers is shown iguie
(9) in this configuration [8].

fig. 57

FIGURE 9
A typical spindle of modern turning machines or
machining centers with a triple-unit bearing arramgnt.

CONCLUSION

In this first of a series of papers the author plamwrite, the
author revisit the free-body diagram, the forcenvflooncept,
and spring network model, and their applicationshamdle
over-constraint problems in practical machinerylthéugh
no new theories have been developed, the prestmiaghts
and methods could be useful to help ME studentetmme
more fundamentally sound.
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A modern medium speed spindle fo

J.F.

(1]
(2]
(3]

(4]

(5]

(6]
(7]
(8]
(9]

(10]

(11]

(12]

(13]

[14]

(18]

ACKNOWLEDGMENT
Tu is supported in part by NSF Award # DMI-B354.

REFERENCES

Meriam, J.L. Statics John Wiley & Sons, Inc., 1975.
J. Barber, University of Michigan, private conveisa, 1992.

Tu, J.F., “Strain Field Analysis and Senor DesignMonitoring
Machine Tool Spindle Bearing Force,” Internatiodalirnal of
Machine Tools and Manufacture, Vol. 36, No. 2, 2p3-216, 1996.

Timoshenko, S.P. and Goodier, J.Ragory of Elasticity (3 Edition),
1970.

Juvinall, R.C.Fundamentals of Machine Component DesWfiiey,
New York, 1984.

Slocum, A.H, Precision Machine DesigtPrentice Hall, 1992.
Johnson, K.L.Contact MechanigsCambridge University Press, 1985.
RHP PrecisionHigh Precision Bearings, Catlog C828987.

Stein, J.L. and Tu, J.F., “A State-Space ModeMonitoring
Thermally-induced preload in antifriction spindleabings of high

speed machine toolsJournal of Dynamic Systems, Measurement, and
Control, Transaction of the ASNMKol. 116, No. 3, pp. 372-386, 1994

Tu, J.F., “Thermoelastic Instability Monitoring fBreventing Spindle
Bearing Seizure,Tribology Transactionsvol. 38, No. 1, pp. 11-18,
1995.

Tu, J.F. and Katter, J.G., “Bearing Force Monitgrin a Three-Shift
Production Environment,Tribology Transactionsvol. 39, No. 1, pp.
201-207, 1996.

Katter, J.G. and Tu, J.F., “Bearing Condition Moniitg for
Preventive Maintenance in a Production Environniefipology
TransactionsVol. 39, No. 4, pp. 936-942, 1996.

Bossmanns, B. and Tu, J.F., “A Thermal Model fogtHSpeed
Motorized Spindl¢ International Journal of Machine Tools and
Manufacture Vol. 39, No. 9, pp. 1345-1366, 1999.

Bossmanns, B. and Tu, J.F., “A Power Flow ModeHah Speed

Motorized Spindle — Heat Generation Characterizgdtidournal of

Manufacturing Science and Engineerindpl. 123, No. 3, pp. 494 -
505, 2001.

Lin C.W., Tu, J.F., and Kamman, J., “An Integraldwrmo-
Mechanical-Dynamic Model to Characterize Motoriaddchine Tool
Spindle during Very High Speed Rotatiori, International Journal of
Machine Tools and Manufactur&ol. 43, No. 10, pp. 1035-1050,
2003.

September 3 — 7, 2007

International Conference on Engineering Education 4CEE 2007



