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ABSTRACT 

A se r ies  o f  experiments were conducted t o  eva lua te  and 

compare force-displacement and force- t ime compression curves. A 

Stokes 8-2 s i x teen  s t a t i o n  r o t a r y  t a b l e t  press was instrumented 

w i t h  p i e z o e l e c t r i c  transducers t o  moni tor  compression and e j e c t i o n  

fo rces  ( i n  a d d i t i o n  t o  punch p r o x i m i t y )  and i n t e r f a c e d  w i t h  a 

microcomputer. Processing and mater i  a1 v a r i  abl es were exami ned 

f o r  t h e i r  e f f e c t s  on t h e  d i r e c t  parameters ( i e .  I he igh t  and area) 

and der ived  parameters ( i e .  - area:height r a t i o  and maximum 

s1ope:height r a t i o )  o f  t h e  force- t ime compression curve. Upper 

punch displacement was estimated and force-displacement curves 

were p lo t ted .  The force- t ime curve was then d i v i d e d  i n t o  th ree  

segments p e r t a i n i n g  t o  t h e  th ree  stages o f  upper punch movement: 

cornpression, re laxa t i on ,  and decompression. The * r e l a x a t i o n n  

stage was de f i ned  as t h e  p o r t i o n  o f  the compression force- t ime 
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202 HOBLITZELL AND RHODES 

curve corresponding t o  the  i n t e r v a l  when the  upper punch 

displacement was he ld  constant. The t o t a l ,  n e t  and e l a s t i c  works 

o f  compaction were ca l  cu l  a ted and t h e i r  re1  a t i  onshi ps w i t h  the  

areas o f  t h e  i n d i v i d u a l  phases o f  t h e  force- t ime compression curve 

were examined. It appears t h a t  t h e  area under the  cornpression 

force-t ime curve  can be r e l a t e d  s a t i s f a c t o r i l y  t o  t h e  work o f  

compact i on. 

INTRODUCTION 

Many papers have been publ ished showing t h e  va lue o f  the  

compaction parameter, work. H i s t o r i c a l l y ,  research which has been 

conducted, measuring t h e  parameter work, has been l i m i t e d  t o  the  

sing1 e s t a t i o n  eccen t r i c  type  t a b l e t  machine. Recently though, 

several workers have ca lcu la ted ,  and one has a c t u a l l y  measured 

punch displacement dur ing  the  compaction event  on t he  r o t a r y  

t a b l e t  press C1-33. T.M. Jones e t  a l .  developed a system us ing 

s h o r t  range rad io te lemet ry  t o  acqu i re  the  punch p o s i t i o n  s igna l  

measured by  a l i n e a r  v a r i a b l e  d i f f e r e n t i a l  t ransformer mounted on 

t h e  t a b l e t  press C2l. Rippie and Danielson C31 and Char l ton  and 

Newton C11 have attempted t o  c a l c u l a t e  t h e  punch displacement 

us ing the  geometric dimensions o f  the  r o t a r y  t a b l e t  presses. 

These mathematical methods are s l i g h t l y  inaccura te  and complex, 

and the  da ta  obtained has 1 acked reproducib i  1 i ty. 

- 

Since, i t  becomes very t ime consuming f o r  t h e  s c i e n t i s t  t o  

conver t  force- t ime experimental data i n t o  fo rce-d i  spl acement 

measurements, a more reasonable approach would i n v o l v e  t h e  use o f  
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FORCE-DISPLACEMENT AND FORCE-TIME COMPRESSION CURVES 203 

t he  compression force- t ime diagram i n  compression s tud ies.  The 

use o f  t h e  microcomputer as a mon i to r ing  dev ice  i n  compression 

s tud ies  w i l l  convenient ly  a l l ow  t h e  i n t e g r a t i o n  o f  t h e  compression 

force-t ime curve and enable the  use o f  t he  area under t h i s  curve 

as a parameter i n  compression s tud ies.  

The present  paper descr ibes the  research performed i n  the  

authors ' 1 aboratory  t o  c a l c u l a t e  punch displacement and determine 

i f  work done i n  compacting a t a b l e t  cou ld  be r e l a t e d  t o  the  area 

under t h e  compression force- t ime curve. It i s  hoped t h a t  by 

i n v e s t i g a t i n g  t h i s  re1 a t i onsh ip  between t h e  two parameters t h a t  a 

more p r a c t i c a l  technique can be developed f o r  s tudy ing  fo rmu la t i on  

and processing va r iab les  on the  r o t a r y  t a b l e t  press, and the  

usefulness o f  t h e  r o t a r y  t a b l e t  machine w i l l  be  enhanced. 

EXPERIMENTATION 

M a t e r i a l s  and Methods 

The ins t rumenta t ion  o f  a Stokes 8-2 s i x teen  s t a t i o n  r o t a r y  

t a b l e t  machine us ing i n t e g r a l  coupled p i e z o e l e c t r i c  t ransducers 

l oca ted  i n  t h e  eye b o l t  ( t o  moni tor  compaction fo rces)  and the  

e j e c t i o n  cam ( t o  measure e j e c t i o n  fo rces)  has been descr ibed 

p rev ious l y  C4l. Force measurements were acqui red from t h e  t a b l e t  

press by an Apple I 1  p l u s  computer i n t e r f a c e d  t o  t h e  t a b l e t  press 

through an I n t e r a c t i v e  St ruc tures  Inc .  A113 f a s t  ana log - to -d ig i t a l  

conver ter .  Data p o i n t s  were acqui red a t  a r a t e  o f  one k i l o h e r t z .  

Four d i r e c t  compression matr ices cons is t i ng  o f  Av ice l  PH-102, 

Emcompress, anhydous lac tose  and Starch 1500 were used i n  the  
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2 04 HOBLITZELL AND RHODES 

study. Each ma t r i x  was blended f o r  f i v e  minutes i n  a WAB Turbula 

T2C shaker/mixer w i t h  an amount o f  magnesium s teara te  which would 

r e s u l t  i n  a 0.59; wfw concentrat ion o f  l u b r i c a n t  i n  the f i n a l  

blend. The mater ia ls  were then compressed on the Stokes B-2 

t a b l e t  press, operat ing a t  the  speed o f  t h i r t y  revo lu t i ons  per 

minute using fou r  o f  the s ix teen compressing s ta t i ons  on the 

press. 

Punch Displacement 

Tablet  compaction on a r o t a r y  machine i s  e f fec ted  by a p a i r  

o f  punches running between two r o l l e r s .  On the Stokes 8-2, the 

upper r o l l k r  i s  f i x e d  and the lower pressure r o l l e r  i s  ra i sed  or 

lowered t o  cont ro l  t he  amount o f  lower punch t r a v e l  and hence the 

compaction pressure. The processes occurr ing a t  the  upper and 

lower r o l l e r s  are considered t o  be s im i la r .  The movement o f  the 

punch w i l l  be dependent upon: (1) the he igh t  o f  the r o l l e r  above 

the cam track,  ( 2 )  t he  radius o f  the  pressure r o l l e r  and ( 3 )  the 

p r o f i l e  o f  the punch head. The punch speed w i l l  then be 

determined by t h i s  movement and the angular v e l o c i t y  t h a t  the  

t u r r e t  i s  turning. 

Because o f  the  d i f f i c u l t y  i n  mounting a l i n e a r  va r iab le  

d i f f e r e n t i a l  transformer (LVDT) on the  press and acqu i r ing  the  

s ignal  t e l  emetri cal  l y  , i t  was determined t h a t  actual  measurement 

of punch movement was n o t  economically feasible.  Instead, punch 

posi t ion,  as a func t i on  o f  time, was ca lcu la ted  from t a b l e t  press 

dimensions o f  the  Stokes 8-2. Manufacturing spec i f i ca t i ons  o f  t he  

f l a p  radius (a lso  known as the  c i r c l e  o f  d ies  radius),  compression 
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FORCE-DISPLACEMENT AND FORCE-TIME COMPRESSION CURVES 205 

TABLE I 

Measurements o f  Several Tablet Press Dimensions 

( o f  t he  Stokes 8-21 Needed t o  Calculate Punch Displacement 

Parameter Measurement 

Pressure r o l l  radius 101.60 mm 

Flap (or  c i r c l e  o f  

d ies) radius 114.30 mm 

Punch head f l a t  radius 6.35 mm 

Punch head curvature rad ius 9.73 mm 

the manufacturer o f  

measurements needed i nc 

t a b l e t  press rotat ion.  

r o l l e r  radius, and the radius o f  the f l a t  sect ion on the  head o f  

the t a b l e t  punch were obtained from the machine's manufacturer. 

Table I shows the t a b l e t  press dimensions which were obtained from 

the Stokes 8-2 machine. Addi t ional  

uded punch diameter, and. v e l o c i t y  o f  the 

Fig. 1 show the measurements used i n  the 

ca l cu la t i on  and the r e s u l t a n t  parameters. 

The center o f  the punch head radius was used as the reference 

l e v e l  f o r  making ca lcu lat ions o f  t h e  height  o f  t h e  punch, then the 

1 be 

o f  a 

the 

under 

p o s i t i o n  o f  the punch before the punch reaches the r o l l e r  wf 

r Trigonometry al lows the ca l cu la t i on  o f  a t h i r d  s ide 

t r i a n g l e  i f  the other two sides are known. Therefore 

v e r t i c a l  displacement o f  the upper punch, Z, as i t  passes 

the  compression r o l l e r  i s :  

C '  

Z = C R 2 - X I  2 112 CEqn 11 
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2 06 HOBLITZELL AND RHODES 

FIGURE 1 

Diagrams o f  t h e  geometric r e l a t i o n s h i p s  between 

(a )  the center o f  t he  pressure r o l l  and the  center  

o f  the  upper punch, ( b )  t h e  angle A, the  punch 

and pressure r o l l ;  and ( c )  the  punch head 

curvature and punch head f l a t  radius,  

where R i s  t h e  sum o f  t h e  r a d i i  o f  t h e  compression r o l l e r  and X i s  

t he  ho r i zon ta l  d istance between the  v e r t i c a l  center 1 i n e  o f  the  

compression r o l l e r  and t h e  near edge o f  t h e  f l a t  p o r t i o n  on the  

head o f  the  upper punch (Fig. l c ) .  Th is  d is tance can be redef ined 

as the  d is tance t o  the  v e r t i c a l  cen ter  (XI) o f  t h e  upper punch 
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FIGURE 1. continued 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



208 HOBLITZELL AND RHODES 

minus the  rad ius  o f  t h e  punch head f l a t  (r 1: P 

CEqn 21 
P 

X = X 1 - r  

The distance t h a t  the  punch i s  from the  c e n t e r l i n e  o f  t he  

compression ro l ' l e rs  i s  a func t fon  o f  t h e  h o r i z o n t a l  angle, A: 

CEqn 31 P 
X = rd s i n  A - r 

where rd i s  t h e  f l a p  rad ius  ( o r  t h e  rad ius  o f  the  c i r c l e  o f  

d ies) ,  r i s  the  rad ius  o f  t h e  punch head f l a t .  
P 

The ho r i zon ta l  angle, A, measured from the  punch a x i s  t o  the  

v e r t i c a l  c e n t e r l i n e  o f  t h e  r o l l e r  i s  a func t fon  o f  t he  t u r r e t  

angular ve loc i t y ,  w, and the  t ime o f  compression. Thus from 

s u b s t i t u t i n g  Equation 3 i n t o  Equation 1, the  upper punch 

displacement a t  any t ime p r i o r  t o  the  p o s i t i o n  of g rea tes t  

penet ra t ion  i n t o  the  d i e  i s :  

[Eqn 41 z = C ( R  + rC)* - ( rds in (w t )  - rp) 2 J 112 

The above equations h o l d  t r u e  u n t i l  the  r o l l e r  comes i n  

contact  w i t h  the  punch head f l a t ,  a t  which p o i n t  t he  h e i g h t  o f  t h e  

punch w i l l  be constant, u n t i l  t he  opposi te curved l i p  o f  t he  punch 

comes i n t o  contac t  w i t h  the  compression r o l l e r  and the punch drops 

away from the compact. The p o s i t i o n  o f  the punch a t  maximum 

displacement w i  11 be: 

Z = R + r c  [Eqn 5 1  

The t ime a t  which the  punch f l a t  comes i n t o  contac t  w i t h  the  

pressure r o l l e r  w i l l  be a func t i on  o f  t he  angular v e l o c i t y ,  f l a p  
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FORCE-DISPLACEMENT AND FORCE-TIME COMPRESSION CURVES 209 

radius and the radius o f  the punch f l a t .  This occurs a t  a 

p a r t i c u l a r  time i n t e r v a l  p r i o r  t o  the distance between the 

v e r t i c a l  centers o f  the pressure r o l l  and 

This t ime i n t e r v a l  (t,) can be ca lcu lated 

tc = a rcs in  ( r  /r )/w 
P d  

punch of becoming zero. 

mathematically using: 

CEqn 61 

If we know the time p o i n t  a t  which the maximum force ( t f )  i s  

obtained, and are able t o  ca lcu late the t ime a t  which maximum 

displacement (td’) occurs, t d  = tf + t,, then Equation 4 can be 

s i m p l i f i e d  to :  

When t > tf, the punch head f l a t  i s  running over the r o l l e r ,  and 

the v e r t i c a l  punch v e l o c i t y  and the punch displacement are 

constant a t  0 ms-l and Z mm respect ively.  While the punch f l a t  i s  

t r a v e l i n g  over the r o l l e r ,  the punch displacement i s  constant, 

f o r  a time period, tm, calculated f rom any o f  the fo l lowing 

equations: 

where the terms are defined as: 

f = the frequency o f  t u r r e t  ro ta t i ons  per second 

s = the number of revolut ions per minute 

Vh = the hor izonta l  speed o f  the press ( i n  u n i t s  o f  

m i  11 imeters per second). 
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210 HOBLITZELL AND RHODES 

110 

105 

100 

95 
0 50 100 150 200 250 300 350 

TIME (msec) 

FIGURE 2 

Typi ca l  p r o f  i 1 es o f  ( a  1 upper punch d i  spl  acement 

and ( b )  upper punch v e r t i c a l  v e l o c i t y  ca l cu la ted  

from Eauations 4 and 11. 
-1 

The t h e o r e t i c a l  p r o f i l e  o f  punch displacement i s  shown i n  Fig. 2a. 

If  we t r y  t o  c a l c u l a t e  t h e  punch diplacement us ing  Equation 

3, and n o t  take  t h e  punch f l a t  dimension i n t o  cons idera t ion  than 

the  ca l cu la ted  displacement o f  the punch w i l l  a c t u a l l y  seem t o  

It i s  p h y s i c a l l y  decrease because o f  rd s i n  (wt )  > r 
P' 
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FORCE-DISPLACEMENT AND FORCE-TIME COMPRESSION CURVES 

( 6 )  

211 

0 50 100 150 200 250 300 350 

T I M E  (msec) 

FIGURE 2. continued 

impossible for  the punch displacement t o  decrease a t  t h i s  moment, 

and therefore we must  use Equation 5 when tf < t < ( t f  + $ , I ,  t o  

cal cul a t e  the punch d i  spl acement. 

The derivation of  the above mathematical expressions t o  

calculate upper punch position i s  similar t o  tha t  used by 

Danielson and Rippie [ 1, b u t  w i t h  several differences. The major 

difference e x i s t  i n  the second term used i n  Equation 3. In 

calculating punch position, Danielson and Rippie erronously used a 
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2 12 HOBLITZELL AND RHODES 

t e rm which they defined as "the hor izontal  distance between the 

v e r t i c a l  center o f  the compression r o l l e r  and upper punch, 

respect ively,  and the center o f  v e r t i c a l  curvature o f  the punch 

head r i m "  [31. The use o f  t h i s  term instead o f  the radius o f  the 

punch head f l a t  w i l l  reduce the t ime span t h a t  the upper punch i s  

a t  maximum displacement, and also place e r r o r  i n t o  the ca l cu la t i on  

o f  the punch pos i t ion.  

The v e r t i c a l  ve loc i t y  o f  the punches can be ca lcu lated from 

the de r i va t i ve  o f  Equation 7 versus time. This y i e l d s  the 

fo l lowing d i f f e r e n t i a l  equation: 

-1/2 dZ/dt = 1/2 [(R + rCI2 - (rds in(wt)  - r d ) ]  

* ( -2( rds in(wt)  - 
* (rdcos(wt))  * w CEqn 111 

A p l o t  o f  t h i s  funct ion i s  shown i n  Fig. 2b. 

The analysis o f  the compaction process on a r o t a r y  t a b l e t  

press i s  complicated f u r t h e r  by the r e l a t i v e  movements o f  the two 

punches. I f  one punch t rave ls  a considerable distance f a r t h e r  

than the other, then the compaction process w i l l  be harder t o  

specify exactly. However, i t  i s  comnon t o  assume t h a t  the 

movement o f  the lower punch upward by the lower r o l l e r  w i l l  no t  

a f f e c t  the compaction process u n t i l  the upper punch i s  i n  contact  

w i t h  the powder bed and the upper pressure r o l l e r .  A t  t h i s  point .  

the two punches move equal amounts i n  opposite d i rec t i ons  E33. and 

t h i s  g rea t l y  s i m p l i f i e s  any ca lcu lat ions t o  be made. 
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RESULTS 

The energy used dur ing  the  compaction o f  powders can be 

ca lcu la ted  from punch fo rce  and punch displacements. Energy i n  

compaction can be used i n  p a r t i c l e  rearrangement, i n t e r p a r t i c l e  

f r i c t i o n ,  d ie -wa l l  f r i c t i o n ,  e l a s t i c  deformation, f ragmentat ion o f  

p a r t i c l e s  and format ion o f  bonds. Typ ica l l y ,  t he  amount o f  work 

ca l cu la ted  from a simp1 e force-displ  acement measurements can be 

d i v ided  i n t o  several processes: compaction work, work recovered i n  

the  form o f  e l a s t i c  work (work performed by the  compact on the  

t a b l e t  press),  and the  ne t  work o f  compaction. The n e t  work i s  

q u i t e  s imply t h e  t o t a l  work of compaction minus the  e l a s t i c  work. 

A t y p i c a l  Yorce-displacement curve i s  shown i n  Fig. 3. 

Using the  equations above, t he  force-t ime curve was d i v ided  

i n t o  th ree  segments according t o  the  movement o f  t he  upper punch: 

compression, f o rce  re laxa t ion ,  and decompression. The compression 

phase i s  de f ined as the  segment o f  t he  ac tua l  compaction o f  the  

powder t o  the  maximum compression force. The r e l a x a t i o n  phase i s  

bes t  explained as the  t ime per iod  where the  punch displacement i s  

h e l d  constant f o r  T, t ime dur ing  which we observe a decrease i n  

the measured compression force. F ina l l y ,  t h e  decompression ( o r  

recovery segment) i s  t he  per iod  where the  upper and lower punches 

are  al lowed t o  move away from the compact and t h e  punch 

displacement w i l l  decrease. Fig. 4 i l l u s t r a t e s  t h e  segmentation 

o f  t he  compression force-t ime curve. Accordingly, t h e  areas under 

the  var ious segments o f  the force-time curve w i l l  be used as 

parameters f o r  r e l a t i n g  the work ca l cu la ted  t o  var ious areas. 
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2 14 HOBLITZELL AND RHODES 

W 
0 
d 
0 
LLI 

W;f";ECOVERED 

DECOMPRESSION 

1 
DISPLACEMENT 

FIGURE 3 

Typ ica l  force-d i  sp l  acement curve w i t h  

the  measurements obta ined form it. 

Several assumptions are  made when segmenting the  force- t ime 

curve: ( a )  t h a t  the  maximum compression f o r c e  represents  the  t ime 

a t  which t h e  punches f i r s t  reach maximum displacement, tc, and ( b )  

t h a t  t he  f o r c e  re1 a x a t i  on segment w i  1 1 conta i  n some e l  a s t i  c work 

done by the  compact on t h e  t a b l e t  press. 

A computer program (FT-FD) was w r i t t e n  i n  BASIC computer 

language f o r  use on t h e  Apple I 1  ser ies  o f  personal computers. 

The program inpu ts  t h e  compression fo rce  da ta  from a sequent ia l  

data f i l e  s to red  on f loppy d i sk  and ca l cu la tes  the  punch 

displacement according t o  t h e  t ime p r i o r  t o  the  p o i n t  o f  maximum 

compression force, a l so  assumed t o  be the  p o i n t  o f  maximum 
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COMPRESS I0 RELAXAT ION 

TIME (rnsec) 

FIGURE 4 

Compression force-t ime curve d i v ided  i n t o  

the  segments ( o r  phases) o f  compression. 

displacement. The program uses t h e  equations shown above. The 

user i s  able t o  chose several op t ions  of output o f  the  data: 

r e s u l t s  o f  t he  segmentation analysis,  force-displacement analysis,  

and displacement-time analysis.  The r e s u l t s  o f  the 

force-di  spl  acement ana lys i  s and d i  splacement-time ana lys is  can be 

s to red  t o  a d i sk  so t h a t  they can be r e c a l l e d  by a graphics 

program and p lo t ted .  
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216 HOBLITZELL AND RHODES 

3 RUN 
.X*:W:Y:+:Y.X FILE TO BE ANALYZED :K:X*:%WSY 
ENTER FILENAME: MEAN. EA 
SLOT < C > I  6 
D R I V E  < 2 > :  2 

PEAK= 6.69 AT 100 MSEC 

:#:%.Yt:CX INPUT PRESS DIMENSIONS StX1::C:X 
DEFAULT <VALUES> ARE FOR STOKES 8-2 
OPERATING AT 30 RPMS 
<Proso RETURN to  keep default value 

R ' ( c o m p r e s s i o n  r o l  I r a d i u s )  <101.6>: 101.6 

Rc (punch  h e a d  r a d i u s )  <9.73>: 9 . 7 3  

R d  ( f l a p  ( d i e )  r a d i u s )  ( 1 1 4 . 3 ) ~  114.3 

W ( t u r r e t  a n g u l a r  v e l o c i t y )  <180>: 180 

Rp (punch r a d i u s )  <G.Z5>:  6.35 

T i m e  at  Max.  D i s p l . =  35.3677612 mciec 

D I S P L A Y  RESULTS ON SCCHEEN) OR PCRINTER 
P 

_______---__________------------------- 

FILENAME: MEAN.EA 

PEAK OF MEAN CURVE- 6.69 kN 
PEAK TIME= 100 niscc 

FORCE AT RELAX. = . 1 1  kN 

__----_-------------________________I__ 

RELAX. T IME-  135.3 NISQC 

NET WORK DONE = 9.224 kN-mrn 
COMPACTION WORK = 9.22'3 kN-mm 
E L A S T I C  WORK = 0 kN-rim 
AREA O F  F - T  CURVE = 361.91 N - s e c  
COMPRESSION AUC = 199.95 N-sec 
RELAXATION AUC = 161.915 N - s c c  
DECOMPRESSION AUC = 0 N-sec  

DO YOU WANT P R I N T  OUT O F  THE 
DISPLACEMENT RESULTS ( Y / N ) ?  Y 

FIGURE 5 

Example o f  the  ou tpu t  obtained from the FT-FD, 

force-t ime/force-di  sp l  acement conversion program 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



FORCE-DISPLACEMENT AND FORCE-TIME COMPRESSION CURVES 

0 -  

n 
E 

Z 
? 6 -  

6 
Y az 4 -  
0 
I 

2 -  

OO 

217 

”/ 
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/ 
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/ O  

/ 
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/ 
/ 7 

1 I I I 
3 6 9 12 

l o  I 

5 

FIGURE 6 

Typical  p l o t  o f  the  t o t a l  compaction work versus 

the  compression force. Th is  p l o t  was obtained 

from the  conversion o f  force-t ime data t o  

force-displacement data 

A f t e r  c a l c u l a t i n g  punch displacement, the  FT-FD computer 

program w i  11 c a l c u l a t e  the  areas under t h e  segmented compression 

force-time curve and the  values o f  work performed. A sample 

ou tpu t  from t h i s  program appears i n  Fig.  5. 

The amount of  e l a s t i c  work recovered was n e g l i g i b l e  i n  most 

o f  t he  t a b l e t  compressions. Fig.  6 shows a t y p i c a l  p l o t  o f  t h e  

t o t a l  work o f  compaction ca l cu la ted  versus the  he igh t  o f  the  
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218 HOBLITZELL AND RHODES 

TABLE I 1  

Resul ts  o f  Regression Analys is  Resul ts  o f  Data from 

Force-time and Force-Di sp l  acement Ca lcu la t ions  

i nc l  ud i  ng those o f  the  Segmented Curve. 

* 
Mate r ia l  - SI ope* I n t e r c e p t  

Anhydrous Lactose 41.80 (1.71) 9.0 (10.9) 

Avice l  PH-1QP 47.71 (2.68) -12.4 (14.1) 

Emcsmpress 44.86 (2.04) 20.4 (10.9) 

Starch 1500 44.45 (1.82) 14.7 (10.9) 

* 
Note: Standard e r r o r s  o f  t h e  estimates are i n  parentheses. 

compression curve. Table I 1  shows the  r e s u l t s  o f  a l l  t h e  

compactions and t h e i r  mean segmented areas and amounts o f  work 

ca lcu lated.  As can be determined from t h i s  tab le,  a l l  o f  these 

work-force r e l a t i o n s h i p s  possessed a c o e f f i c i e n t  o f  de termina t ion  

g rea te r  than 0.99 and there fore  were h i g h l y  s i g n i f i c a n t .  

The areas under the  t o t a l  and segmented compression 

force- t ime curves are  p l o t t e d  i n  Fig. 7. As can be seen i n  these 

p lo t s ,  a l l  t h e  r e l a t i o n s h i p s  were very l i n e a r .  

Th is  observat ion was n o t  q u i t e  expected, and r a i s e d  some quest ions 

about which o f  t h e  areas would be more appropr ia te  t o  compare t o  

t h e  amount o f  work performed. I t was hypothesized t h a t  t h e  

Compression Area would most c l o s e l y  be c o r r e l a t e d  w i t h  t h e  t o t a l  
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FIGURE 7 

Plots o f  the segmented areas, (0) to ta l ,  (0)  compression 

and (A) relaxation, of the compression force-time curves 

against the compression force fo r  Emcompress. 

amount of work done. The area representing the force relaxation 

( o r  u n l o a d i n g )  phase corresponded t o  no amount o f  work performed 

since i t  i s  assumed t h a t  the upper and lower punches do n o t  move 

during this  phase. As mentioned previously, the amount of e l a s t i c  

work calculated and the area under the decompression segment of 

the force-time curve were negligible. This  observation raises  the 

question i f  any e las t ic  work force 

relaxation phase as a resul t  o f  the action of  the overload spring. 

could be recovered d u r i n g  the 
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I f  t h i s  i s  so then, t he  amount o f  t o t a l  work performed on t h e  

powder would be t h e  on ly  p o r t i o n  o f  work t h a t  cou ld  be co r re la ted  

t o  the  area under t h e  compression segment. Th is  r e l a t i o n s h i p  i s  

one o f  several i l l u s t r a t e d  i n  Fig. 8 f o r  Emcompress. The 

c o r r e l a t i o n  o f  t he  r e l a t i o n s h i p  f o r  t h i s  ma te r ia l  and the  o ther  

ma te r ia l s  was b e t t e r  than 0.99. 

The question arose i f  each ma te r ia l  had a r e l a t i o n s h i p  

between t h e  area under compression segment and the  t o t a l  work t h a t  

was ma te r ia l  dependent o r  independent. Fig. 9 shows a p l o t  o f  t h e  
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I I I 
3 6 g 12 

Compression Work (kN-mm) 

FIGURE 9 

P l o t  o f  Compression Area as a func t i on  o f  

Total  Compaction Work for (A) Avicel PH-102, 

( 0) Emcompress, (0) anhydrous lactose and 

(0) Starch 1500. A s ing le  regression l i n e  

has been drawn f o r  a l l  the experimental resu l t s .  

mean values f o r  a l l  four mater ia ls w i th  only one regression l i n e  

going through the experimental points. This regression l i n e  

showed excel lent  c o r r e l a t i o n  and it was decided t o  t e s t  f o r  the 

heterogeneity o f  slope o f  the re la t ionships between materials. 

Usfng the SAS s t a t i s t i c a l  software package, a heterogeneity o f  

slope model was constructed i n  the general l i n e a r  models procedure 
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2 22 HOBLITZELL AND RHODES 

TABLE I 1 1  
* 

Results o f  a Heterogeneity o f  Slope Model 

Analysis Using the GLM Procedure o f  SAS 

SOURCE DF ss 
Ma t e r i  a1 3 543.6 

i ntercepts )  

Height (due t o  1 271240.4 

regression) 

Hei gh t*Ma t e r i  a1 3 566.3 

(slopes 1 

ERROR 12 1796.8 

CORRECTED TOTAL 19 301977.3 

MS 

181.2 

271240.4 

188.8 

149.7 

F PR>F 

1.1 0.3481 

1811.5 18E- 15 

1.3 0.3317 

R-SQUARE 0.9941 

* 
Note: The model spec i f i ed  i n  t h e  ana lys is  was: 

MODEL CAREA = MATRIX TWORK TWORK*MATRIX 

which would t e s t  f o r  d i f f e rences  i n  slopes and in te rcep ts .  The 

r e s u l t s  o f  t h i s  procedure appear i n  Table 111, and prove t h a t  

there  i s  no s t a t i s t i c a l  s ign i f i cance  between the  slopes and the  

in te rcepts .  It thus appears t h a t  t h e  r e l a t i o n s h i p  between the  

amount o f  work done and the  area under the  compression segment o f  

the force-t ime curve i s  independent o f  any ma te r ia l  e f f e c t s ,  and 

may w e l l  be a machine dependent e f f e c t .  
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The t a b l e t i n g  d i f f e rences  seen between the  s i n g l e  punch 

machine and the  r o t a r y  t a b l e t  press may be t h e  r e s u l t  o f  the  

extended "dwel l  t ime" o f  t h e  r o t a r y  t a b l e t  press. Extended "dwel l  

t ime" imp l i es  t h a t  t he  compression fo rce  i s  app l i ed  a t  t he  maximum 

l e v e l  f o r  a longer pe r iod  o f  t ime. Th is  would a l l ow  p l a s t i c  f l ow  

i n  any of the components o f  the  ma te r ia l  t o  e x h i b i t  p l a s t i c  

p roper t i es  and absorb t h e  energy of e l a s t i c  s t r a i n  recovery be fore  

the fo rce  i s  released. This may be s u f f i c i e n t  t o  prevent the  

excessive s t r a i n  r e l a x a t i o n  i n  the  compact which i s  considered t o  

be a cause o f  capping C51. As observed, i f  any p l a s t i c  f l ow  

occurs, the  value o f  t he  fo rce  on the punch w i l l  n o t  be h e l d  

constant du r ing  t h i s  period, b u t  r a t h e r  w i l l  decrease w i t h  time, 

as t h e  compact i s  he ld  a t  a constant volume. Thus t h i s  p o r t i o n  of 

t he  segmented compression curve has been defined as t h e  r e l a x a t i o n  

phase. 

Many pharmaceutical s c i e n t i s t s ,  through experience, know t h a t  

a fo rmula t ion  may run  s a t i s f a c t o r y  on the  l abo ra to ry  s i n g l e  punch 

machine b u t  w i l l  show capping when compressed on t h e  r o t a r y  t a b l e t  

press. Char1 t o n  and Newton ca l cu la ted  t h a t  ' 'contact" t imes t o  

form the  same dimensional t a b l e t  on a s i n g l e  punch machine and a 

r o t a r y  machine operat ing a t  s i m i l a r  c y c l i n g  speeds Cll. They 

showed t h a t  even w i th  t h e  add i t i ona l  "dwel l "  time, the  contact  

t ime o f  t he  r o t a r y  t a b l e t  press was on ly  83% o f  t h a t  f o r  the  

s i n g l e  punch machine, and may n o t  be s u f f i c i e n t  t o  overcome the  

e l a s t i c  s t r a i n s  b u i l t  up i n  the  compact. Hiestand has w r i t t e n  

t h a t  t he  a formulat ion o f  an e l a s t i c  behavior drug should inc lude 
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2 24 HOBLITZELL AND RHODES 

a p l a s t i c  ac t l ng  exc ip ien t ,  which upon mix ing  w i t h  the  e l a s t i c  

drug w i l l  r e s u l t  i n  a harder compact due t o  p l a s t i c  deformation 

increasing the  bonding surface area C51. The r e s u l t a n t  compact 

should wi thstand the release o f  s to red  e l a s t i c  energy i n  the  

compact . 
It should be noted t h a t  the ca l cu la t i ons  o f  punch 

displacement cou ld  be sub jec t  t o  some minor e r r o r s  due t o  c e r t a i n  

assumptions. The ca l cu la t l ons  have been made on the  b a s i s  o f  no 

s i g n i f i c a n t  deformation o f  var ious components o f  t he  t a b l e t  press 

involved (e.g. punches, cams, etc.)  and r e l i e f  se t t ings .  A second 

assumption i s  t h a t  t h e  upper punch o f  t he  r o t a r y  machine fo l l ows  

the p r o f i l e  o f  t he  upper r o l l e r .  I n  p rac t ice ,  the  upper punch i s  

al lowed t o  f a l l  from the  upper cam t rack  on to  the  powder bed under 

i t s  own weight. Th is  occurs be fore  t h e  upper punch i s  running 

under the  upper pressure r o l l e r .  Thus the re  w i l l  be some tapping 

and precompression o f  the  powder bed due t o  the  weight of  t h e  

upper punch, and a th inne r  sample than assumed w i l l  r e s u l t .  

Another premise i s  t h a t  the  lower punch fo l l ows  t h e  same 

displacement p r o f i l e  as the  upper punch. However, t h i s  i s  known 

n o t  t o  be always an e n t i r e l y  p rec i se  premise since t h e  p o s i t i o n  o f  

the  lower pressure r o l l  i n  r e l a t i o n  t o  t h e  upper pressure r o l l  i s  

var ied  as the  lower pressure r o l l  i s  lowered o r  r a i s e d  t o  ad jus t  

t h e  compression force. The segmentation o f  t he  compression curve 

described i n  t h i s  paper, w i l l  s t i l l  be e s s e n t i a l l y  v a l i d  if t h e  

maximum compression fo rce  occurs a t  t he  p o i n t  where the  n e t  

displacement ( o f  t h e  upper and lower punches) i s  a t  i t s  maximum 
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FORCE-DISPLACEMENT AND FORCE-TIME COMPRESSION CURVES 22 5 

value. Observations o f  force-t ime curves can be used, i n d i r e c t l y ,  

t o  support t h i s  assumption. As the  t a b l e t  press speed was 

increased, i t  was noted t h a t  the t ime a t  which the maximum 

compression fo rce  was observed appeared t o  be a l i n e a r  func t i on  o f  

the press speed. When the  t a b l e t  press was operated a t  a press 

speed o f  30 rpms (179.5 mm/sec), a maximum compression fo rce  was 

observed a t  100 mi l l i seconds i n t o  the compression data a c q u i s i t i o n  

cycle. Then, when the  press speed was adjusted t o  60 rpms (359.0 

mm/sec), a maximum compression fo rce  was observed a t  50 

mi l l i seconds o f  the  acqu is i t i on  cycle. The t ime a t  which the  

maximum force  was observed could be s ta ted  t o  be inverse ly  

p ropor t iona l  t o  the press speed, and t h i s  would support the  

assumption. 

I n  e f f o r t s  t o  ga in  data and opinions on the po in ts  discussed 

above, the  authors contacted w i t h  several s c i e n t i s t s  invo lved i n  

re la ted  research. Recent correspondence between J.R. H o b l i t z e l l  

and O r .  T.M. Jones, o f  The Wellcome Foundation Ltd, England, 

ind ica ted  t h a t  h i s  research group i s  i n  the  i n i t i a l  stages o f  a 

comprehensive compaction study designed t o  c l a r i f y  the 

re la t i onsh ip  between force, time, and punch pos i t i on .  According 

t o  p re l im inary  compaction data, obtained using a compaction 

simulator, Or. Jones bel ieves t h a t  there may be some d i f fe rences  

between the type o f  mater ia ls  and the occurrence o f  the peak 

compression force. The data ind ica tes  s i g n i f i c a n t  mater ia l  

dependence in the  " l a g  time" and a poss ib le  r e l a t i o n s h i p  between 

i t  and the fundamental compaction mechansisms o f  the  mater ia l .  
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The term " l a g  time" was de f ined by J.R. H o b l i t z e l l ,  i n  h i s  

correspondence t o  D r .  Jones, as a t ime delay between the 

occurrence o f  maximum displacement and the  appearance o f  the  

maximum compression force. This e f f e c t  probably c e r t a i n l y  r e s u l t  

i n  some s i g n i f i c a n t  e r r o r  i n  the  above assumption f o r  some 

systems. O r .  Jones emphasised t h a t  these f i nd ings  were 

pre l im inary  resu l t s ,  and t h a t  more comprehensive conclusions are 

s t i l l  a year o r  so away, 

I n  a recent  telephone conversation, J.R. H o b l i t z e l l  discussed 

the  same premise w i t h  D r .  L.L. Augsburger, o f  the  Un ive rs i t y  o f  

Maryland (63. Recently, D r .  Augsburger and h i s  coworkers have 

instrumented a t a b l e t  press t o  enable the  d i r e c t  measurement o f  

punch displacement 171. D r .  Augsburger i nd i ca ted  t h a t  he 

subscribed t o  the  view t h a t  the  t ime o f  maximum fo rce  was very 

c lose to ,  i f  n o t  i d e n t i c a l  with, the t ime a t  which maximum upper 

punch displacement was observed. A perusal of  recent  experimental 

data publ ished by D r .  Augsburger, suggests t h a t  t he  na ture  o f  the 

punch displacement-time and powder bed thickness-t ime curves are  

somewhat complex (6.71. These r e s u l t s  would seem t o  support the  

authors' assumption, t h a t  i f  minor d i f f e rences  do ex i s t ,  i t  seems 

probable t h a t  t he  overal  e f f e c t  o f  t he  e r r o r  introduced by the  

above assumptions w i l l  n o t  be la rge .  

CONCLUSIONS 

It i s  premature t o  make a d e f i n i t i v e  conclusion regard ing  the  

r e l a t i o n s h i p  o f  Area under the force-t ime and Work obtained from 
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FORCE-DISPLACEMENT AND FORCE-TIME COMPRESSION CURVES 22 7 

the force-time curves. Yet, the resul ts  o f  this study clearly 

show a good correlation between Area and Work. 

The results show t h a t  calculations o f  upper punch 

displacement can reliably be done b u t  i t  must be noted that  due t o  

the position of  the lower pressure rol l  no t  being fixed i t  i s  much 

less  re l iable  t o  calculate the displacement of  the lower punch. A 

study using radio-telemetric devices t o  record the exact position 

of the upper and lower punches will be advantageous and needed t o  

clearly substantiate the conclusions reached here on the 

re1 ationship between Area and Work. 
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GLOSSARY OF TERMS 

Z upper punch displacement from the center of t h e  u p p e r  
pressure roll 

the r ad ius  of the compression pressure ro l l .  

the distance t o  the edge of the upper punch's f l a t  section on 
the head 

R 

X 

X 1  

r 
P 

rd 

the distance between the vertical centerline o f  compaction 
and the near ( f l a t )  edge o f  the punch head. 

the radius of  the punch head f l a t  

the radius of  the die f l a p  ( the c i rc le  o f  dies) 
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the angle o f  the v e r t i c a l  cen te r l i ne  o f  compaction and the  
center o f  the  punch. 

the  angular v e l o c i t y  o f  the t u r r e t  r o t a t i o n  

the rad ius  o f  the  punch head curvature 

t ime o f  the  compaction cyc le  

the t ime dur ing the  compaction cyc le  a t  which the  center o f  
the punch i s i n 1 i n e  w i t h  the  center1 i ne o f  the  compression 
pressure r o l l  s. 

the t ime period, p r i o r  t o  td, where maximum displacement o f  
the upper punch occurs 

the t ime dur ing the  compaction cyc le  a t  which maximum force  
is achieved (tf = td - tc) 

the leng th  o f  t ime a t  which geometric maximum displacement i s  
maintained (equivalent t o  2 t c )  

the  frequency o f  t u r r e t  r o t a t i o n s  ( r o t a t i o n s  pe r  second) 

the number o f  t u r r e t  revo lu t ions  per minute 

the ho r i zon ta l  t u r r e t  v e l o c i t y  

V v  o r  dZ/dt  i s  t he  v e r t i c a l  punch v e l o c i t y  
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