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l~cs+ human movements may be performed over a wide range of speeds. To 
pro d u c e ch a n 9 e s , n 0 v era I I m0 v em e n t s p e 0 d, a I t e r" a + ion s mu s + 0 C cur i n + h e 
frequency and/or ampli+ude of the movement (G'illner et al. ,1979; Nilsson 
e+ al., 1985). In running, for' example, increases in speed are produced 
by I nc r eases In the frequency and I eng+h of the s+, i de (Cavanagh and 
Ivi II iams, '9132) but these parameters do not change a+ the same r·a+e. 
During the swing ph~se of running, the ini+iatlons of hip flexion and 
extension rela+ive +0 con+~ala+eral foot touch down remain constant across 
speeds while knee flexion and extension occur slgnifican+ly earlier a 
speed i ncr eases. Tne a'7lp I i tudes of knee f I ex i on a"d hip f I ex i on and 
Ex+ension Increase signiflca,,+ly with speed (Nilsson e+ al .• 1985). 
Gielen et al. (1985) exami"ed +he movement trajectory, velocity and 
accelera+ion patterns of a si"gle joi,,+ 2~m fltxion movement performed a+ 
d i f fer e" + rn G v em en + s p e e d s . Mo v em en + par am et e r S W6 res C a led i" + i '" e and 
ampl i+ud€ and were found +0 have similar shapes independent of movement 

'TIp I i+ude and +Ime. Holler-bach and Flash (1982) considered a more complex 
+wo segment horlzon+al arm movement and showed that movement speed could be 
con + r 0 I led by s c a I I n g + h e + I me de pe" den + j 0 i n + mom en + pat + ern s . I + was 
suggested that the segment velocities and acceleratlons could be similarly 
scaled. Other investigators have examined the klne+ic pa++erns of 
movements per formed a+ d i f fer-ent speeds and have suggested +hat +hese 
parame+er's are no+ scaled in the same manner as the segment kinematics. 
Our ing the swing phase of running the resul+an+ joint moments a+ +he h;p 
and knee were found +0 account for slgnlfican+ly larger- percentages of the 
changes in each segment's angular velocity as running speed increased 
(Pu+nam, 1984). The magnitude of the hip resultant joint moment was also 
found +0 increase a+ a faster rate than that of the knee as kicking 
veloci+y incr-eased (Zernicke and Roberts, 1978). 

The pur'pose of this study was to examine the r'elationships among 
+empor'ill and kinemc+lc par'ame+er S aCr"OSS a r'ange of kicking spe8ds, where 
kicking speed is sptclfied by the final foot velocity. The kinematics of 
the lower extremity are primar'ily explained by the angular velocities of 
the +high and the lower leg. Therefore, If changes in the movement speed 
are achieved by scaled increases or decreases in the segment motions then 
these changes should be observed In the angular velocities of these 
segments. Fur+hermore, if there is a perfect scaling of this movement 
there should be a cons+ant value by which the segmen+al angular velocitlcs 
are multiplied. 
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Flgur'e I. Example of scaling a fast speed thigh angular velocl+y curve 
into a slow speed curve. 

The lower ex t r em i t Y was mod e I led a set wo se gmen t S Ystem c om po sed 0 f + h e 
thigh joined to the lower leg and foot by a pin joint at the knee. The 
lower leg and foot was treated as a single rigid segment refered +0 as the 
shank. The joint !:en+ers of these segments, the hip, knee and ankle, were 
dig i t i zed from + h e film d a t a and sm 00 the d u sin gad i g ita I f iI + er' , An g u I a r 
velocities and accelerations were determined from the displacemen+ data 
using finite differences. Selected +emporal and kinematic variables were 
en + e r' edin + 0 a two way A NO VA for rep eat e d mea sur' e s 0 v er' s p €led san d t r I a Is. 

To al low for compar [sons between kicks of different dura+ions, al I 
speeds wer'e scaled as a percent of +otal movement time. The total movement 
time was def i ned as the time from the star + of forward (pos it i vel shank 
angular velocity until the frame before ball Impact. Mean angular velocity 
curves wc"'e then g nerated f"om the data of all trials performed a+ each 
speed. The average angular veloci+ies for the thigh and shank at each 
speed were det rmined. A ratio of the average angular velocities of ono 
speed to another was used to calculate a constant by which the magnitudes 
of the curv s could be scaled. In Figure I, an example is given where a 
scaled slow angular velocity curve was produced from a fast curve. 
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Four' male college level soccer players performed full instep kicks using 
a one step approach a+ three different movement speeds. Movement speed was 
defined on the basis of the I inear velocity of the ankle a+ Impac+. This 
was monitored by two infra-red photo-electric cel I pairs connected +0 a 
timer and placed 0.15 m apart at the height of the ankle at bal I contact. 
Subjects were trained to perform conslsten+ly at slow, medium and fast 
speeds. Following tr'aining, six trials of each subject at each speed wer'e 
filmed. All trials were filmed at 300 frames/s except for the slow kicks 
which were filmed et 200 frames/so Three trials for each subject and each 
s p €led weres €lIe c t e d from the f I I m for a n a I y s i s b a sed 0 n fin a I an k I e 
velocity. 



Ini+ially. the ratio of the average angular velocity of the slow curve 
t-o +he fas+ was calcula+ed (A. V. S. lA. V. F. In Figure I). Each value of 
+he fast- velocit-y curve was then multipl led by this scale constant to 
produce a new curve which had the same average angular velocity of the 
ac+ual slow curve bu+ t-he char"act-erls+lcs of 1'he fas'" movement. 

RESULTS AND DISCUSSION 

Represent-a+ive motions for The slow, medium and fast speed kicks at 
every 20 percenT of +he +oTiJl movement time are IIlus"'rated in Figure 2. 
Average foot veloci+ies ('1+ ball cont-ac'" and "'he sTandard deviations for all 
trials at- each speed are given. These speeds were significantly dlfferen"'. 
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Figure 2. Illustra+ion ef a representative motion for slow, ~edlum and 
fas+ speed kicks. The first figure Is a+ the Initiation of shank forward 
rot-ation and each figure following Is at every 20 percent of +he +o1'al 
movement time un"'il bal I impact. 

The final linear ankle velocl1'y reached during a kick Is prede-Inantly 
de+ermlned by +he speed of rota+lon of the thigh and shank. The final 
angular velocity of the shank was slgnlflcan+ly different across speeds but 
the final angular velocity of the thigh re-alned the same (Figure 3). 
Therefore The con+ribu+ion of the final shank angular velocity +0 Increases 
In foo+ speed appears +0 be much greater than that of the thigh. This was 
also found by Nacmlllan (1975). While the final thigh angular velocl1'y 
does no1' play a large role In determining foot speed at I.pact. the maxl.WI 
velocity reached during the course of the kick Increased significantly as 
kicking speed increased. demonstrating the '.portance of the speed of 
forward thigh rotation In de+erllllnlng kicking speed (putnam, 1983; Roberts 

t a I. , 1968). 
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Fig u' e 3. Me a n s h an k (5) and t h I g h (T) an g u I a" v e I 0 c I + Y- t i me cur V e s f 0" 

slow, medium and fast kicking speeds. Curves are expressed as functions of 
(al ac+ual time and (b) percent of total movement time, 

Inspit e 0 f + h e sed I f fer' e n C e sin + hem a g n I + u des 0 f +het h i g h El n d s h an k 
anguiar veloci+ies, a common sequence of lower extremity segment motions 
was obse'ved for a I I kick I ng speeds. Th i s sequence I s I I I us+rated In 
Fig ur e 3 ( b ), wher' e a I I a n g u I a r vel 0 c I t Y cur V e s h a v e bee n ex p r- e s sed a s a 
per c e n t 0 f to + a I m0 v em en t t Ime. ( Tot a I m0 v em en t + i me i s de fin e d a s + h e 
stiir-t of forward shank angular velocity until the frame prior to ball 
impact and was slgnlflcan+ly different across speeds.) The thigh ini+ially 
rot ate d for war din + h e d Ire c t Ion 0 f the m0 v em en t El n din cr' e a sed I n an g u I a r 
velocity, whi le the shank rotated so as to decrease the angle between the 
segments. Between 35 and 40 percent of the movement time, the angular 
velocity of the thigh decreased and the shank reversed direction increasing 
i n an g u , a r vel oc I t Y un + i I b a I I con t act. The t I me 0 f pea k + h I g h an g u I a r' 
veloci+y was not significantly different across speeds. The knee started 
+0 extend between 32 and 36 percent movement time and this was also not 
sign I f I cant I y different across speeds. A I though peak +h i gh angu I ar 
velocity and the Inl+lation of knee extension do not occur a+ the same 
time, they appear to be related regardless of the speed a+ which the 
movement is perfo,'med. This finding is consistent with those of Phi II ips 
et al. (1983) and Zernicke and Roberts (1976), In summary, there is a 
temporal relationship among the start of forward shank angular velocity, 
time of maximum th Igh velocity, time of knee extension and ball Impac+ 
which remains consistent across speeds. This relationship exls+s despite 
significant differences in the segment orlenta+lons and angular velocity 
magn ,tudes wh Ich occur across speeds throughout the major I+y of the kick 
(Figures 2 and 3), 
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I f a fast movement is per for med with a certa in aver age angu I ar ve I oc i ty, 
to decrease the spe~d of the movement the average segmpntal angular 
velocities over the mov,'ment phase must be r'educed, If we 2s,ume that 
different movement speeds are caused by a SCi1ling of the angular 
v(',ocity-time curves, to scale a fast movement te a slower' one, eClch 
segmenta I angu I ar ve I oc i ty of the fast movement wou I d have to be r'educed by 
a ratio of the slow average angular velocity to the fast (Figure I), The 
scaled slow version of the fast curve would have the scme averalJ~ anqular' 
velocity as the slow curve but would follow the rharact,,,'istics of the'-fast 
speed cur ve, 

The res U Its 0 f sea I i n 9 the t h i g h and the s h an k an g u I a r vel oc i tie s 0 f the 
fast movement to produce ~ scaled version of the slow and medium speeds are 
present&d in Figure 4(a), For the first 62 percent of the movement the 
magnitudes of the actual curves for both the thigh and shank are less than 
those predicted by a perfectly scaled version of the fast curve, Fo' the 
last 35 percent of the movement the actual curve magnitudes are greater 
tnan the sc~led curves, Therefore, If the medium end slow speed kicks were 
to be perfec+ly scaled versions of the fast speed kick, both segments would 
have had +0 be acce I erated to a gr eater' extent for the fir 5+ 62 per cent 

ovemen t and +0 a lessor extent for the las+ 38 percent of the movement, 
This, together with the simi lar i+y in the scale constants between the thigh 
and shank (Table 1) suggests that wh€n movement speed is changed, both 
segments appear to be a I +ered in a s im i I ar manner, 
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Fig u r e 4 , Mea n S h 2 n k (S) and t h i g h (T) an g u I a" v e I 0 c i t Y ex pr e s sed a s a 
per cent of tota I movement time _ The actua I exper imen+a I curves are in 
sol id I ines and the predicted scaled version in dashed I ines, In (a) the 
fast movement has been scaled to a medium and slow movement and in (b) the 
slow movement haS been sceled to a medium and a f~st movement. 
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The r esu I ts of sca I I ng the slow curve +0 pr ed i ct the fast and med I um 
cur·ves (Figure 4(b» demons+r'ate that there is much more variablll+y 
between the actual and scaled fast curves +han be+wp.en +he actual and 
scaled medium curves. The differences between the scaled and actual curves 
of the segment angular velocities are expressed (;IS the root mean square 
(RMS) difference in Table 1. To faclll+a+e comparisons of +he RMS values 
across sea I I ng pr·ocedur·es, they were d i v I ded by +he average angu I ar 
velocity of the r'espective scaled curve. This normal ized value shows how 
+he scaled curve differs from the actual curve, independen+ of +he average 
velocity of the scaled and actual curves. The normalized RMS values for 
seal ing a fas+ movement to a medium movement or' fas+ +0 a slow movemen+, 
or V ice v er sa, a r' e h I g her t ha nth 0 sew hen s c a I i n g a me d i um + 0 a s low 
movemen+. This reinforces the finding +hat +he medium and slow movemen+s 
at e much more S im i I ar to each other +han either one I s to +he fas+. The 
nor'malized RMS differences for the shank are lower than +hose of +he +high, 
indicating that the shapes of +he shank angular veloci+y curves are more 
similar· across movement speeds than +he shapes of the +high angular 
veloci+y curves. 

TABLE I
 

AVERAGE R00T MEAN SQUARE (RMS) DIFFERENCES, NORMALIZED ROOT MEAN
 
SQUARE DIFFERENCES AND SCALE CONSTANTS FOR THE
 

TrllGH AND SHANK FROM ALL SCALING PROCEDURES.
 

Th i gh Shank
 
Procedure RMS Normalized Scale RMS Normalized Scale
 

F"s+ +0 Slow 0.72 O. 1 58 0.44 .074 O. 105 0.40
 
Slow +0 Fas+ 1 .61 O. 158 2.25 1 .86 O. 105 2.51
 
Fas+ to Meo. 0.76 O. 107 0.69 0.76 0.068 0.63
 

Med. to Fast I .09 0.107 1 .44 1 .21 0.068 1 .59
 

Med. +0 Slow 0.24 0.052 0.64 0.27 0.039 0.63
 

Slow to Med. 0.37 0.052 1 .56 0.43 0.039 1 .58
 

SU~1MARY 

There Is a consis+ent temporal pattern for movements performed at 
d it fer'ent speeds wh i ch I s I ndependen+ of the segment con f I gura+ i on and 
velocities. While the results of this study do not demons+rate a perfec+ 
scaling of the angular velocity curve as sugges+ed by Glelen et al. (1985) 
and Hollerbach and Flash (1982), there Is a strong degree of scaling across 
speeds. The segmental angular velocity-time patterns are more similar 
between the slow and medium speed kicks than be+ween either the slow and 
medium kick and the fast kick. This suggests that the fast speed movements 
are somewhat different when compared to slower ones (lernicke and Roberts, 
1978) . The re I at i on sh I p b'etween the sea I ed and actua I curves wer e s im II ar 
for the th igh and the shank and i nd Icate +hat as movement speed changes the 
alterations in the segment motions may be rela+ed. 
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