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STATIC AND DYNAMIC BEHAVIOUR OF MODULAR TOOLING 
SYSTEM FOR VERTICAL-$P\IIDLE GRIIIDtIlG MACHIIIE 

BY 
.. HAZE" 

D@pattlMntDfProductlonEngtneertng,F.cUlyotEng"-.",n!J, 
Mansoura lhUnl'1lilJ, Mlnsoun, EGYPT. 
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ABSTRACT: Th is paper describes the static and dynaaic behaviour of a 
proposed toolinq syste., for vertical-spindle surface grinding 
machine using, as Joint modules, the curvic coupling as veIl as a 
taper joint of the ratio 7/ 24. The expert.ental results obtained 
ver! co_pared with that of the convent ional .ounting method of flange 
type (flat jOint). Through this work, the effects of the joi nt 
geometrical features, joint tightening torque, and loading condition 
on the st~tic and dynamic behaviour vere investigated. 
The most important finding is that the curvJc coupling as a jojnt 
.odule for the proposed tooling syste., has better static and dyna.ic 
behaviour than the corzesponding taper and flat joints . r.proveaent 
rates of about 30'-60\ in the static bending stiffness, about 17\-50\ 
in the dampinq capacity, and about 9\ in the natural frequency, have 
been observed . In addition, the tightening torque considerably 
affects the s tatic and dynamiC behaviour of the tooling syste., 
pazticularly vben the system Is subjected to the vertical 10adJnq 
condHion. 

[mRODUCTIOO : 

Recently, owing to the ozientation toward individuality and pursuit of 
convenienc::e and ccmfort i n the ma.rket enviza.ent, pzoduct demand has become 
increasingly di versified, accordingly, product varieties have increased and 
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product life cycles have progressively become shorter. Moreover, the rapi~ 
pace of technological innovation is being manifested in demand for higher 
product quality and lover prices. 

In this regard, among the various types of machining processes, 
grinding operation demands particular high-precision, high-efficiency and 
hlgh-quality. Therefore, in addition to the proper selection of the 
machining conditions, the performance of the machine and its tooling system 
is extremely important. With respect to the automatic tool changing (Ate) 
systems, numerous tooling systems have been tried and developed [for 
example 1-51, of them the 7/24 taper connection is the most popular tool 
changing system. On the other hand, the toothed coupling, i .e . the curvic 
coupling, has claimed an excellent poSitioning repeatability and high 
resistance to torsional load 16-8 1, also its meshing mechanism has been 
theoretically investigated (9]. Neverthless, such Ate systems have not yet 
found the field of application within the grinding operations . 

Nedless to say, the satisfactory machining accuracy, using such Ate 
systems, can be achieved by improving the reproducibility of the locating 
accuracy of the tool, Simultaneously ensuring the high joint stiffness. In 
addition, the coupling method of the tool play an important role to the 
machining accuracy and stability of the tooling system. 

[n this paper, therefore , a tooling system using the curvic coupling, 
has been proposed in the form of the vertical-spindle of a surface grinding 
~cpine. In due course, the static and dynamic behaviour of the proposed 
tooling system have been experimentally investigated. The experiments 'Were 
carried out also on the conventional tooling system (flange type) and an 
accommodated 1/24 taper system. Through this vork, the effects of the 
coupling types and coupling tightening torque on the static and dynamic 
behaviour, under the horizontal and vertical loading conditions, have been 
clarified. 

EXPERlKEN'I'AL PR~: 

To clarify the static and dynamic behaviour of the proposed tooling 
system, the vertical-spindle of a surface grinder has been such modified as 
shown in Fig.l, to accommodate the different coupling modules. In Fig.I, 
the modified internal thread M28x2.0 of the spindle nose has been used to 
locate an adapter on which one member of the curvic coupling has been 
bolted by means of six HS tightening bolts, while the other member of the 
curv1c coupling has been bolted to the flange. The draw bolt, as it was 
screved to the flange through the thread Hl6, enables the curvic coupling 
members to be meshed. nten the required tightening torque was applied by 
means of a torque wrench to the required value. nte curvic coupling
jointing method can be replaced with either the taper joint or the 
equivalent flat joint, as shovn in Fig.l-b, depending on the experimental 
procedw::e. 

In the static experiments, the bending stiffness vas investigated in 
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both the horizontal and ver tical directions, vith the ben::Ung load of up to 
500 H, vhich vas applied at the flange through the load cell ..,hich vas 
fixed to the table of the grinding machine . The resultant deflections , at 
the polnt oppoSite to the loading point, veze detected by means of a dial 
gauge with 2 UI\!. sensitivity, and the measured values .·ere processed t o 
obtain the required static bending stiffness . 
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(a) Hain spindle drive vith 
curvic coupling. 

, 
Flot Joinl 

(b) Main spindle drive v ith 
other joint modules . 

Fig. 1 Schematic viev of the e~rimental set-up. 

In the dynamic experiments , the load cell and the dal1 gauge 'Jere 
replaced ..,ith the i mpulse hammer and peizoelectric aoceleroneter. The 
dynamic charaderistiC5 vere analyzed using the SpectrUIII analyzu, and the 
damping capacity, mea::mred as the dalIping ratio, '<laS calculated by the 
banci-vidth method [lOJ. 'n1rough all the !itatic and dyMll.ic experiments, 
the tightening torque of the dray bolt ha!i been vade<! from 25 N.m. to 200 
N.m, by 25 N.m step. 
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STATIC BEHAVI~ OF THE 'l'(XLING SYS'I»i: 

In surface gz: h"lding operation, ..,hen the tooling system is subjected to 
the actual cutting forces, t he horizontal and vertical cutting forces are 
the main cOR\(X:lnents to be considered. In Figs.2 and 3, thus, the effect of 
the tightening torque on the hor izontal and vertical bending stiffness are 
shown respectively. It is noticeable that for all coupling modules, the 
bending stiffness increases with the tightening torque. In this regard, 
vithin the used range of the tightening t orque, the horizontal bending 
stiffness increased with the rate of about 40\ with the taper joint, while 
it was about 50\ for both the flat joint and the curvlc coupling. The 
rates of i ncrease In the vertical bending st i ffness were about 70\, 55\, 
and 145\ for the taper j Oint, flat joint and curvic coupling, respectively. 
In addition, the horizontal bending stiffness of the flat joint and curvic 
coupling shoving similar characteristics , with very close values of the 
horizontal bending stiffness, and sho .... ing higher stiffness than that of the 
taper one. It is a lso interesting to point out that the vertical bending 
stiffness of the flat jOint, as shown in Fig .3, is superior t o the curvic 
coupling at lower tighten ing tor~s, but at higher tightening torques this 
relation becomes to be inverse. 

'lbi.3 results can be such interpreted that the curvic coupling is one 
of the typical machine tool joints . It is, thus, important to prevent any 
separation of the joint surfaces. In respect to the curvic coupling, the 
tilting motion of the l over member vi l l play the role of determining the 
joint ~tiffness. This means it that reducing the tilting of the lo~r 

member of the curvic coupling can decrease the inclinati on of the flange a t 
the loading point, it resulting in the increase of the jOint bending 
stiffness. 
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• CIIrVi~ coupling o f r. Joint 
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Fig.2 Effect of the tightening 
torque on the horizontal 
bending stiffness . 
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Fig.3 Effect of the tightening 
torque on the vertical 
bending stiffness. 
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To clarify the dynatlllc behavioL"r of the proposed tool1nq system, the 
impulsive excitation technique has been carried out \131ng the same 
experImental tes t -rig shown in Fig.! . 

Fig . 4 shows a typical example of the ftequency t~sponse , in the 
ho:t:1zontal and vettical ditections, of the ptoposed t ooling system with 
cutvlc coupling. Ftom .... hich the natural frequency of the ma j or peak, as 
well as the damping ratio using th~ band-..,idth methoo, have been used to 
clarify the dynamic behaviour of t he different joint modules employed in 
the proposed tOOling s}'5tem. 

5.0r------------, 5.01,--- - - - - ----, 

l i I 

_, ~_'" fuquanCV rupons. 
Ti,,",t I"llllC Tot<;ue. 200 N../II 

b) Vll1k~ hq\ltMt ,...,onr. 
TIgI"II""'" Tot'qIM . 2IXI H.lII 

J ~s l 
i I 

f 

0~=---_2~::=::= 
0.4 0.8 \2 1.6 2.0 

Flg.4 Typical frequency tespose of the tooling system with curvic coupling. 

FIgs . 5 and 6 sho.., the effect of the tight~nin9 t orque. on the natural 
frequency In the horizontal and vertical directions respectivdy. Fat both 
cases, the natural frequency increases v I th the tlghtening t orque. 11le ute 
of increase in tht!: horiZontal dltection vas found to be about 9\ regardless 
the coupling module, vhlle in the vertical direct i on it ~s about 30\ with 
the taper joint. and about 45\ for both the flat joint and the curvlc 
coupling . In the horizontal exci tation, the tool1nq system .... lth curv1c 
coupling Is superior to those v t th flat and taper joint modules. Hovevou, 
in the case of vert ica l eXCitation, the toolIng system with curvic coupling 
showing hi gher natural frequeocies at highu values of the tightening 
torques. These r~sult5 can be such interpreted that the s tatic tightening 
torque increase s ignificantly the joint module stiffness, ~ticularly of 
the curvic c oupl1.ng, and 1n turn increases the natural frequency . 
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Fig.S Effect of the tightening 
torque on the natura l 
frequency in hor izontal dir . 
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Fig.6 Effect of the t ightening 
torque on the natural 
frequency in vertical di r . 
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Figs. 1 and 8 show the effect of the tightening t orque on t he 
calculated damping ratios of the different joint ~ules, in the horizontal 
and vertical directions respect ively. From these figures, it can be seen 
that the damping r atio of al l t he joint modules decreases vi th the 
tightening torque. 'Ibis ls because that the increase of the tightening 
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Fig.7 Effect of the tightening 
torque on t he damping ratio 
in horizontal dir. 
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Fig.8 Effect of the tightening 
torque on the damping ratio 
in vertical di r . 
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torque day reduce the resulting relative displacement at the j oint 
surfaces, i t consequently decreasing the due damping capacity. It is also 
interesting to point out that the damping capacity, measured as the damping 
ratio, of the tooling system with curvic coupling is super:ior to the other 
joint modules, particularly at high values of the tightening torques . 

In addition, Fig.9 shows the observed improvement rates in the static 
and dynaJlic behaviour between the proposed tooling system. \lith curvlc 
coupling and the other joint modules, i.e. the taper joint and the flat 
joint. From this figure, the tool i ng system with curvic coupling improves 
the horizontal bendIng stiffness by 38%, the vertical bending stiffness by 
65\, the horizontal damping ratio by 50\, and the vertical damping ratio by 
30\. 

2.0 Tightening torque = 200 N.m. 

[j Tape! Joint 0 Flat Joint E;l CUrvic Coupling 

101-

~ I!'~ ~I!'~ :1'iiil' :1'H '" Ii"" ~1iI~ ~ 0 ~ . • 0 
-8, " -8," . ~" . ~" ~ oil " ~." ~ - ~ ~ ~O_ ~O~ - - -" ~ ~_N ~-- " N "- o _N 

0 __ 

ii ~ g ii .5 2 • 0 • n .iI g .iI @ 
• Ii • ~ ?l~~ ~ -~ Ii -• • '< • - - -

FIg .9 Improvement rates in the static and dynamic behaviow: 
of the proposed tooling system. 

To sum up, the static and dynamic characteristic features of the 
tooling system with curvic coupling are to have highet s tatic bending 
stiffness, natural frequency and damping capacity than those o f the flat 
and tapet joints. When considering the structural configuration of the 
curvic coupling, these interesting features may be derived from. the tooth 
meshing mechanism of the curvlc coupling itself . Such meshing mechanism 
may allow th@ considetable micro-slip between the teeth of the two members 
shoving hlgher damping capacity, Simultaneously ensuring high joint 
stiffness due to the precise meshing mechanism of the coupling teeth. 

- --------
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roQ.USlOO: 

In this paper, the static and dynamic behaviour of a proposed tooling 
s ystem have been experimentally i nvestigated, using as joint modules the 
curvic coupling, 7/24 taper joint and flat jOint, which in the form of 
vertical-spindle of surface grinding machine. 

As a r~sult, it can be clarified that the tooling system with curvic 
coupling has faverable static and dynamic behaviour. Generally, such 
system has high possibility of applying it to the automatic tool changing 
system of such vertlcal-splndle of the grinding machine, because of its 
well known accurate locating function and preferable static and dynamic 
behaviour . 

It is, 
module has 
behaviour of 

however, noteworthy that the tightening 
a significant effect in determining the 
the tooling system to a great extent. 
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