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TABLE 2. Summary of selected joint kinematic variables. 

Incline LSSF LSS 
Variable Joint Mean 

Angle at foolstrike I') Hip 54.3 
Knee 59.7 

Ankle 6.7 
Angle at loe·off (') Hip 2:2 

Knee 21.5 
Ankle -21.7 

Range of motion during impact (') Hlp -11.2 
Knee -4.5 

Ankle lB.3 
Range of motion during push·off (') Hip -41.9 

Knee -34.0 
Ankle -46.5 

Max angle during swing phase (0) Hip .80.B 
Knee 136.7 

Ankle 24.0 
Range of motion swing phase {oJ Hip 81.0 

Knee 116.3 
Ankle 44.6 

'Indicates means significantly different from the incline condition. 
b Indicates means significantly different from the LSSF condition. 

later in prep'aration for footstrike. The earlier onset time 
during LSS was probably due to increased swing time in this' 
condition. . '. . . 

The magnitude of muscle activity before footstrike for . 
GM, MH, RE, and SOL was similar for L8SF and INC but 
significantly t:educed in L8S (Fig. 7). BF and VL amplitudes 
during this period were greater in INC .. than in either of the 
level conditions. Swing phase TA activity was also signi~­
iCantly higher during INC compared with either LSSF or 
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Figure 4-Ensemble joint angular velocity, net moment and power 
for the hip and knee graphed as a function of standardized swing phase 
(0-100% from right toe-off .to right footstrike). Running condition is 
indicated in the bottom panels. 
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SO Mean SO Mean SO 
7.4 32.5' 6.2 25.4' 6.4 
6.7 26.7' 6.3 21.0' 5.9 

. 5.B -16.6' 4.4 -9.1' 10.6 
5.4 -10.5' 7.8 -4.6' 6.5 
5.4 28.3' 8.8 22.0b 6.9 
5.7 -25.2 5.B -21.0 8.6 
2 .. 2 5.2' 2.7 4.4' 2.8 
1.3 19.6' 3.6 25.3··b 2.6 
2.3 32.6' 5.3 28.4' 4.7 
3.8 -36.4' 3.6 -29.98

•
b 4.3 

3.3 -22.4' 4.9 -23.5' 3.9 
3.1 -41.4' 3.0 -40.4' 5.5 
7.1 ·55.2' 9.9 46.2,·b 9.4 . 
4.4 143.3' 3.7 134.1 7.2 

.. 6.6' 17.0' 5.7 20.2' 8.9 
5.1 70.4' 6.7 54.9,·b 10.4 
8.7 123.7' 8.5 120.3 9.0 
5.2 31.6' 4.8 32.6' 6.3 

L88. In contrast, GA was the only muscle that showed more 
pre-footstrike activity during LSSF than in· INC. After foot­
strike,' activity in the monoarticular extensors GM, VL, 
SOL, and the biarticular RF and GA were highest during 
INC and lowest in L8S. Average post-footstrike activity in 
MH was significantly greater in L8SF than in either INC or 
LSS, whereas BF activity during this pei!!q,d was greatest in 
LSSF and lowest in L8S. 

:. .. , 
.J 

DISCUSSION 

Our data illustrate that high-speed incline running elicited 
distinct changes in segmental and muscular coordination 
compared with level running at the same speed. These 
effects are due in part. to the higher stride frequency in the 
incline condition, and the L8SF condition provided valuable 
insight to the influence of stride frequency alone. The results 
supported our hypotheses that the incline condition would 
generate kinetic and kinematic differences accompanied by 
increases in the activity of specific muscles. Further, simi­
larities between the incline and L8SF conditions illustrated 
.the importance of the increased stride frequency. In the 
discussion we will focus on the integration of EMG, kine­
matic, and kinetic data in the different running. conditions. 

Level. running. The level running joint kinematic and 
EMG patterns were consistent with other studies (26,28). 
For example, hip and knee angles at footstrike were similar 
to those reported by Milliron and Cavanagh (28) for running 
at 4.5 m's-l, whereas ankle angles at footstrike were typical 
of those exhlbited by mid-foot strikers or during sprinting 
(18). Kinematic patterns throughout stan.ce mirrored previ­
ous studies of level running: relatively isometric hip motion, 
knee flexion, and ankle dorsi-flexion during the impact 
phase, followed by hip and knee extension and ankle plan­
tar-flexion during push-off (18,28). 

As in previous studies, peak EMG amplitUdes Qccurred . 
during the first half of stance, coinciding with the highest 
ground reaction forces (19,26). EMG timing and patterns 
were also similar to other studies, with the hamstrings ac-
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LSS 
Variable Phase Mean so Mean SO Mean SO 

"'-"'-"'--"'--- ._--_ ... _----- -.--.------...... ----.•. ---~ .. 
Average net muscle power (W'kg-') Ecc HF -9.00 1.41 -9.92 1.96 -2.33"· 0.S2 

Conc HF 
Conc HE 

. Ecc KF 

7.02 0.79 6.0S' 0.76 2.47"· 0.70 
7.91 1.18 6.76' 2.05 2.2S'·· 1.17 

-5.79 0.97 -12.20' 2.08 -5.01'" 1.21 
Net muscular work (Jokg-') Ecc HF 

Cone HF 
Cone HE 
Ecc KF 

-0.31 0.05 -0.55' 0.07 -0.16"· 0.06 
1.19 0.09 1.08' 0.13 0.52"· 0.14 
0.92 0.15 0.92 0.29 0.42"· 0.20 

-0.76 .0.08 -1.44' 0.20 -0.6S'·· 0.14 
'Indicates means significantly different from the incline condition. 
• Indicates means significantly different from the LSSF condition. 

tivated first before footstrike, followed by the GM and GA. 
and finally the SOL. VL; and'RF (18.19.24,26). The mono­
articular extensors VL. SOL, and GM and biarticular RF 
ceased firing first, followed by the biarticular GA, MH, and 
SF. The hamstrings SF and MH displayed a bimodal pat­
tern, with a second burst of activity during push-off. The 
second burst of RF activity during early swing has also been 
reported (19,24,26) and is· suggested to control the amount 
of knee flexion during the swing phase (31). 'Further, the 
general increase in EMG amplitudes seen in the higher 
speed LSSF condition is typically associated with increases 
in running velocity (24,25). 
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Figure 5-Ensemble linear envelope EMG data graphed as a function 
of standardized stride cycle (0-100 % from right rootstrike to next 
rigl\t footstrike). EMG amplitudes have been standardized using the 
SIC contractions, with calibrated scale shown in the bottom panel. 
Running condition is also indicated in the bottom panel. Vertical bars 
in each panel show the end of stance phase in each condition. 
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The swing-phase kinetic patterns indicated energy gen­
eration at the hip during both flexion and extension and 
energy absorption at the knee during late swing, all of which 
have been reported for level running at similar speeds 
(4,6,37). In pariicular, hip and knee power values during 
LSS (4.5 m's- 1

) and LSSF (7.6 m·s- I
) were nearly identical 

to those reported by Caldwell and Forrester (4) and Chap­
man and Caldwell (6) for running at -5.0 m's- I and 7.6 
m's- 1

, respectively. 
Joint kinetic patterns during stance in overground level 

running are well documented, with dominant extensor/plan­
tar-flexor moments at the knee and ankle accompanied by 
extensqr .hip moments d,uring. the. impact phase and flexor 
hip moments during the later push-off (9,18:;19,37). The 
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Figure 6-Mean timing data for each muscle activity in relation to , 
footstrike. The onset times are shown on the left side (negative val ues. 
before footstrike), and the offset times are shown on the right (positive 
values, after footstrike). Running conditions are indicated bX differ­
ently shaded bars as defined at bottom of graph. Whiskers indicate one 
standard deviation above the mean. Asterisks denote values signifi­
cantly different from INC condition. 
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Average EMG Amplitude Before Footstrike 

TA GA SOL RF VL MH SF GM 

Muscle 

Average EMG Amplitude After Footstrike 

TA GA SOL RF VL MH SF 13M 
Muscle 

Figure 7-Average EMG amplitudes for each muscle before (top 
panel) and after (bottom panel) footstrike. Running conditions are 
indicated by differently shaded bars as defined in each panel. Whiskers 
indicate one standard deviation above the mean. Asterisks denote 
values significantly different from INC condition. 

joint kinematics that accompany these net moments are very 
similar to those found.in the preserit study, and it is reason­
able to assume that our subjects produced similar joint 
moment patterns during stance. Nigg et a1. (29) suggested 
that studies performed on solidly built treadmills (as in the 
present study) would likely agree with overground studies. 
A recent paper by Kram et al. (22) supports this contention. 
Using a treadmill of solid construction mounted on a force 
platform, they demonstrated that both the vertical and an­
terior/posterior ground reaction forces were nearly identical 
to that of overground running. 

Incline running. The INC condition resulted in higher 
stride frequency and a greater proportion of the stride cycle 
spent in stance compared with level running. However, the 
actual time spent in stance for INC was less than for LSS. 
Although stride length was reduced during INC, the hori­
zontal distance from the metatarsal marker to the hip marker 
at footstrike for the INC condition was similar to both LSSF 
and LSS. Iverson and McMahon (17) noted a similar phe­
nomenon and proposed a "hanging triangle" hypothesis, 
postulating that the angle of the leg with respect to the 
vertical' at footstrike does not change with treadmill incli­
nation (17). This suggests that runners tend to place their leg 
in relatively the same position before footstrike, regardless 
of surface grade. Wi-nter (38) has also suggested that foot 
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placement is one of the key "subtasks" of gait. Our data 
support this view in that a condition as extreme as INC 
caused little change in the total horizontal stance distance 
relative to the hip. To maintain similar foot placement 
during INC, flexion angles of the hip, knee, and ankle were 
increased dramatically. . 

With increasing grade. both the reaction force normal to 
the treadmill and upward vertical acceleration decrease in 
magnitude (17,23). These findings provide insight t~ the 
changes observed during INC. To maintain a constant center 
of mass pesition above the treadmill, the average resultant 
treadmill reaction force during stance must roughly equal 
body weight to counter the effects of gravity. If the reaction 
force normal to the treadmill bed decreases, th'e force com­
ponent parallel to the treadmill must concomitantly increase. 
Also, an increase in percentage stance duration would 'allow 
relatively more time to produce force against the treadmill, 
allowing an increase in total impulse (F X t). This predicted 
increase in force parallel to the treadmill bed is supported by 
the joint kinematics and EMG data in the present stl!dy. 
During INC, the absence of knee flexion during the impact 
phase suggests a decrease in n'ormal treadmill reaction force 
'and shock attenuation requirements (9). Winter (37) has 
suggested that a primary function of the knee during early 
stance is to absorb energy. The lack oHmee flexion during 
INC could indicate lower impact force~: 'and thus reduced 
need for energy absorption. 

For all three joints,extensor ROM and angular velocities 
during push-off were significantly greater for INC than in 
LSS. The monoarticular extensors GM. ·VL, and SOL and 
biarticular RF and GA were all significantly more active 
during INC, while the activity of biarticular MH and BF 
during push-off were 'slightly lower or similar. Combined, 
these muscle activities and joint kinematics suggest an in­
crease in energy generated during push-off for the INC 
condition. Although we have no stance phase kinetic data, 
the joint kinematics and corresponding EMG amplitudes 
provide evidence that greater net torque was likely produced 
during push-off. 

Another feature of the incline condition was the signifi­
. cantly shorter swing phase duration related to the higher 
stride frequency. As a result, muscular loading at the hip 
during swing was significantly higher in INC, with greater 
hip ROM and flexorlextensor velocities. Kinetic analysis 
revealed that much more energy was absorbed and subse­
quently generated by the' hip flexors during the first half of 
swing for INC. During late swing the hip extensors gener­
ated more energy and higher moments, accompanied by 
more activity in. the GM, BF, MH, and RF muscles. Evi­
dence of enhanced muscular loading at the knee and ankle 
was also seen, as VL, SOL, and GA had higher activation 
levels in late swi~g before footstrike. This increased preac­
tivation during INC may tune the extensors for the stretchl 
shorten cycle of early stance, and enhance their ability to 
produce force in the concentric phase (25). The differences 
in joint angles at footstrike and the increased joint ranges of 
motion during push-off for INC support this scenario. 
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Incline running- effect of higher stride fre­
quency. Examination of the LSSF condition reveals that 
the increase in stride frequency accounts for some of the 
differences between INC .and LSS. As in other studies. the 
higher running speed in LSSF resulted in increases in the 
amplitude of most kinematic, kinetic and EMO variables 
with only slight changes in their patterns (6,24-26.28). 
Increasing stride frequency elevates the inertial contribution 
of each segment during swing. resulting in large increases in 
kinetic variables between LSS and LSSF. Such kinetic in­
creases are reflected in greater muscular activity of the ~A. 
RF. MH. BF, and OM during swing for INC and LSSF 
compared with LSS. INl= and LSSF also displayed similar 
amounts of preactivation of the VL, SOL, and RF before 
footstrike. However. several kinematic and kinetic alter­
ations at the hip and knee during swing and large differences 
in EMO amplitude and joint kinematics during stance were 
found between INC and LSSF •. suggesting changes in mus­
cular loading unique to the incline condition. 

The swing phase was significantly shorter during the INC 
condition compared with LSSF. whereas the hip joint ROM 
increased by over 10°. As a result. more .energy was gen­
erated and average power was higher in Conc HF during the 
INC condition. Although we have no EMO data for mono-

. articular hip flexors. higher hip flexor velocities coupled 
with similar hip moments during early swing suggest greater 
hip flexor activity. The biarticular RF became active after 
the ini.tiation of Conc HF and peaked after the occurrence of 
maximum Cone HF power. suggesting that its contribution' 
to hip flexion was aided by the monoarticular hip flexors. 
Our data support the view that the primary function of the 
RF is to control the amount of knee flexion during swing 
(31) and suggest that the monoarticular hip flexors are 
loaded at higher levels during INC than in LSSF. 

In late swing. OM. MH. BF. and OA all contributed to 
energy generation at the hip andlor absorption at the kn.ee. 
The OM became active during the brief Ecc HE phase and 
increased its activity as more energy was generated during 
Conc HE. OM activity before footstrike was similar for 
LSSF and INC despite significantly greater average hip 
power during Conc HE of INC. The timing of biarticular 
MH and BF activity suggests that they func.tion to assist in 
both eccentric and concentric hip extension while also con­
trolling the amount of knee extension. However. the simi­
larities in late swing EMO activity for the MH and BF 
between INC and LSSF were accompanied by much greater 
energy absorption at the knee in LSSF. The biarticular ~A. 
activated earlier and to a greater extent during LSSF than in 
INC, was likely responsible for this energy absorption. 

The data suggest that the muscular coordination patterns 
exhibited. during late swing may be influenced by position­
specific muscular capabilities. Hoy et a!. (13) report that the 
hamstrings contribution to the net hip extensor moment is 
greatest between 60 and 90° (1.0-1.4 rad) of hip flexion, 
whereas the OM contribution is greatest at hip flexion 

. angles less than 40° (0 to -0.7 rad). Similarly. the ham­
strings greatest contribution to knee flexion supposedly oc­
curs between 20 and 50° (0.4-0.9 rad) knee flexion (36). 

INCLINE TREADMILL RUNNING 

.• I ~\O 
These authors also state that hamstring length is much more 
sensitive to changes in hip flexion than changes in knee 
flexion. Hip and knee kinematics during late swing suggest 
that the MH and BF contribute more to energy generation at 
the hip during INC, while serving more to absorb energy at 
the knee during LSSF. Further, increased hip angles during 
INC allowed the hamstrings to produce greater hip extensor 
moments than in LSSF (13). In similar fashion, the 'OA is 
much better able to generate knee flexor moments at knee 
angles of less than 40° flexion « -0.7 rad) and provides its 
highest contribution to the knee flexor moment near full 
extension (13). Thus, facilitation of the OA bl::fore footstrike 
during LSSF may be to absorb additional energy at the knee. 
and subsequently decelerate the leg in preparation foot­
strike. 

The largest differences between the INC and LSSF con­
ditions occurred during stance. Hip. knee. and ankle exten­
sor ROM as well as the EMO amplitUdes of the monoar­
ticular GM. VL. and SOL muscles during stance were all 
greater in the INC condition. suggesting greater energy 
·generation. Although ·we have no stance kinetic' data, it is 
·likely that'a 'extensor/flexor moment pattern at the hip and 
dominant knee extensor and ankle plantar-flexor moments 
also took place during INC, as the velocity patterns were 
similar to the level conditions; In addition. the EM-O am­
plitudes of the antagonists MH and BF were significantly 
lower during INC than in LSSF. suggesting that the net 
extensor knee moment may have been increased further sti'll:' 
Caution should accompany this interpretation as. inhibition 
of the hamstrings may reduce the transfer of energy from 
knee to hip during powerful leg extensions, theoretically 
reducing the hip extensor power (10.16.20). However. Ja­
cobs et a1. (20) have estimated that the hamstrings contri­
bution to hip extension via energy transfer from knee to hip 
is only 11 % during sprint running. Thus, it seems that 
inhibition of the hamstrings may be desirable trade-off in 
order to provide less antagonistic activity to the crucial knee 
extensor moment at the knee during push-off. 

The phenomenon of monoarticular energy generation and 
biarticular energy transfer has been illustrated in several 
movements (14-16.18-20.32). Our data indicate that the 
INC condition elicited the general proximal to distal muscle 
activity sequence associated with explosive leg extensions 
in sprinting and vertical jumping (2.18,20). It has been 
suggested that the biarticular RF transfers energy generated 
by the mono articular hip extensors to the knee joint to assist 
in its concomitant extension (18-20,32). Similarly, the bi­
articular OA is purported to transfer energy generated by 
knee extensors to the ankle to assist in plantar-flexion. This 
transfer mechanism can increase the effective energy at the 
knee and ankle by about 30% during a sprint push-off (20). 
The large increases in EMO of the monoarticular OM. VL. 
and soL and the biarticular RF and GA combined with the 
greater extensor ROM of all three joints suggest that such a 
transfer mechanism was facilitated during stance in the INC 
condition. During late swing a similar mechanism involving 
MH and BF may transfer energy from the rapidly deceler­
ating knee joint to the hip to help with hip extension. 
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Sprint training implications. Many athletic trainers 
and therapists agree that the most effective training pro­
grams are those that provide increased muscular loading in 
a sport-specific manner, which for sprinting would include 
.high-velocity movements (8). Several aspects of incline 
running suggest it may be a viable. activity for enhancing 
sprint speed. The INC condition elicited significantly higher 
levels of EMG activity during both the' stance and swing 
phases of the gait cycle as compared to level running at 
either the same speed or stride frequency. In addition, all 
'Iower extremity joint angular velocities were significantly 
higher during the push-off phase of incline running. How­
ever, the general patterns of EMG activity and joint kine- . 
maties were similar betw~en incline and level running. 
Thus. incline running seems to satisfy the requirements of. 
. being both a sport-specific and high velocity training activ­
ity for improving sprint speed. 

Previous studies have suggested that the extensor muscles 
are prim~'ily responsibie for generating propulsive force 
during the push-off phase (20,32). The present data reveal 
that the EMG amplitudes of all monoarticular ex.tensors 
were significantly higher during the INC condition. Coupled 
with an increase "in the extensor range of motion during 
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push-off. it is reasonable to assume that more energy was 
generated by these monoarticular extensors during INC: 
Further. EMG amplitudes of the biarticular RF and GA and 
differences in lower extremity joint kinematics during the 
stance phase suggest thllt facilitation of energy transfer from 
hip to knee and from knee to ankle may take place during 
incline running. 

Swing-phase kinetic analysis revealed that Significantly 
more energy was generated during hip flexion and hip 
extension in the incline condition. Average hip flexor ve­
locities were also significantly higher during incline run­
ning. Mann et a1. (24) suggested that the main muscle 
groups that increase the speed of gait were the hip flexors 
and the knee extensors. Thus, the enhanced muscular load­
ing of the hip flexors that takes p lace during incline running 
would be conducive to enhancing running speed. 
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APPENDIX 

The subjects perfonned five s.tandard isometric contrac­
tions (SICs) to provide a relative reference of EMG activity 
in each muscle during the test conditions (12,18). During 
these SICs, joint angles were measured using a manual 
goniometer, while external resistance was provided by im­
movable objects. Two seconds of EMG data were collected 
during each SIC, perfonned for approximately 3 s in the 
exact order as follows: 

SIC 1. For TA: maximal dorsi-flexion against external 
resistance with ankle joint at 90°. 

SIC 2. For GA and SOL: maximal plantar flexion stand­
ing on one leg. 

SIC 3. For RF and VL: maximal right leg extension 
. while standing with the right knee at 0° flexion. 

SIC 4. For GM: maximal right hip extension while stand­
ing on the left leg. The subjects were instructed to 
extend their right leg behind them as far as pos­
sible. 

SIC 5. For BF and MH: maximal knee flexion against. 
external resistance with the knee joint at 35° 
flexion. 
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