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Symmetrical kinematics does not imply symmetrical kinetics in people 
with transtibial amputation using cycling model
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Abstract—People with amputation move asymmetrically with 
regard to kinematics (joint angles) and kinetics (joint forces 
and moments). Clinicians have traditionally sought to mini-
mize kinematic asymmetries, assuming kinetic asymmetries 
would also be minimized. A cycling model evaluated locomo-
tor asymmetries. Eight individuals with unilateral transtibial 
amputation pedaled with 172 mm-length crank arms on both 
sides (control condition) and with the crank arm length short-
ened to 162 mm on the amputated side (CRANK condition). 
Pedaling kinetics and limb kinematics were recorded. Joint 
kinetics, joint angles (mean and range of motion [ROM]), and 
pedaling asymmetries were calculated from force pedals and 
with a motion capture system. A one-way analysis of variance 
with Tukey post hoc compared kinetics and kinematics across 
limbs. Statistical significance was set to p </= 0.05. The 
CRANK condition reduced hip and knee ROM in the ampu-
tated limb compared with the control condition. There were no 
differences in joint kinematics between the contralateral and 
amputated limbs during the CRANK condition. Pedaling 
asymmetries did not differ and were 23.0% +/– 9.8% and 
23.2% +/– 12.0% for the control and CRANK conditions, 
respectively. Our results suggest that minimizing kinematic 
asymmetries does not relate to kinetic asymmetries as clini-
cally assumed. We propose that future research should concen-
trate on defining acceptable asymmetry.

Key words: artificial limb, asymmetry, biomechanics, cycling, 
gait analysis, joint kinetics, kinematics, lower-limb amputa-
tion, prosthesis, rehabilitation.

INTRODUCTION

The complex task of human locomotion involves 
integration of the neuromuscular and musculoskeletal 
systems, taking into account the individual’s underlying 
morphology, the environment, and specific task demands 
to move the body in a stable and controlled manner. A 
person with a unilateral transtibial amputation (TTA) 
loses a significant portion of his or her motor system, e.g., 
the foot and ankle joint and a portion of the shank, and 
relies on the prosthesis as substitutive replacement for 
locomotion. This restorative human and prosthesis sys-
tem is inherently asymmetric and induces considerable 
motor asymmetries during locomotor tasks [1–5]. Kinetic 
asymmetries, i.e., higher joint loading on the contralateral 
limb, have been implicated as a causal factor in the higher 
incidence of knee osteoarthritis in the contralateral limb 
[6]. Although prosthetists are aware of the implications of 
kinetic asymmetries on an individual with an amputation, 
the typical clinical setting is not conducive to measuring 
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joint loading. Therefore, the link between kinetic and 
kinematic asymmetries and their potential clinical appli-
cability is of considerable interest.

Locomotor symmetry is often assumed as a pros-
thetic performance goal during rehabilitation [3,7–9]. 
Prosthetists typically seek to optimize the movements of 
persons with amputation by configuring prosthetic align-
ment, i.e., adjusting task mechanics, to promote symmet-
rical joint kinematics and presumably more symmetrical 
joint kinetics during gait [9]. The prosthetist traditionally 
relies on observational gait analysis to interpret limb 
kinematics with clinical supposition that kinematic and 
kinetic asymmetries are associated [9]. Newer technolo-
gies that allow for direct measurement of prosthetic load-
ing in a clinical setting have enormous promise to 
improve clinical outcomes [10–13]. They have, as of yet, 
not superseded the traditional method of observational 
gait analysis during normal clinical practice.

The clinical assumption that prosthetic alignment 
alters limb kinematics and kinetic asymmetries suggests a 
link between these variables; however, the mechanism is 
not well understood [3]. Some reports suggest asymmetry 
in ground reaction forces are related to biasing the body’s 
center of mass toward the contralateral limb [14–15]. 
Indeed, the center of mass position is dictated by limb 
kinematics [16–17], and this creates one link between 
limb kinematics and kinetics. However, other factors pro-
duce interlimb asymmetries, e.g., interactions between the 
limb and socket interface [3,5], loss of sensorimotor input 
[4], altered musculoskeletal geometry [1,5], and loss of 
propulsion due to the lack of ankle plantarflexors [2,4,13]. 
These other factors may be more related to how the 
human and prosthesis system is used for the propulsive 
task of gait. These additional propulsive influences may 
have greater relevance than the relationship between cen-
ter of mass and ground reaction forces.

Successful gait requires the body to perform balance 
and propulsion tasks simultaneously. These dual func-
tions blur relationships between kinematic and kinetic 
asymmetries during gait. Cycling is a rhythmic motor 
task similar to walking yet has the methodological advan-
tage of isolating the locomotive propulsion by supporting 
the body via the saddle, allowing the motor system to 
focus on energizing the bicycle [18]. In both cycling and 
walking, the motor system utilizes similar neural centers 
[19], coordinates muscle activity in accordance with their 
respective functional roles [20], utilizes similar optimiza-
tion strategy [21], and is a well-used model to study 

motor system behavior during rhythmic locomotion 
[5,18–24]. The cycling task also provides a method to 
control lower-limb kinematics by altering the geometric 
constraints between the rider and the bicycle, e.g., rider 
position [18]. Lower-limb kinematics are not symmetri-
cal during amputee cycling because the prosthetic ankle 
is fixed while the contralateral ankle extends through the 
bottom of the pedal stroke and flexes through the top. 
The lack of ankle motion in the amputated limb leads to 
greater knee and hip flexion and extension to complete 
the pedal stroke. Normal ankle joint range of motion 
(ROM) during pedaling is about 20 as it extends (plan-
tarflexes) during the bottom and flexes (dorsiflexes) 
through the top of the pedal stroke [25]. Limiting ankle 
motion on one limb, e.g., a prosthesis, alters the mechan-
ics of cycling by increasing the ROM of the hip and knee 
joints to compensate for ankle motion losses [26].

Shortening the crank arm on the amputated limb is a 
method to adjust bicycle geometry and minimize kine-
matic asymmetries and has been shown to reduce kinetic 
pedaling asymmetries in a small number of cyclists with 
TTA (2 out of 3) [26].

Pedaling asymmetries have been reported in force 
and work generation about the crank spindle [5]. Force 
asymmetries during cycling quantify the difference 
between the total amount of force generated in each leg 
and are related to strength and/or inertial differences 
between limbs, i.e., fixed constraints between conditions 
[27]. Work asymmetry quantifies the difference in torque 
generated between limbs [27]. The presence of work 
asymmetry indicates a deficiency in propulsion between 
the two limbs. Force asymmetries are generally constant 
within a person, whereas work asymmetries depend on 
task mechanics [5,28].

The purpose of this research was to define the relation-
ship between kinematic and kinetic asymmetries during a 
propulsive task, i.e., stationary cycling. We hypothesized 
that (1) the shortened crank arm would produce symmetri-
cal limb kinematics, (2) force asymmetry would remain 
constant, (3) work asymmetry would be reduced with a 
reduction in kinematic asymmetries, and (4) motor system 
compensation to the shortened crank would be demon-
strated as a change in joint moments at the knee and hip. 
The rationale for hypothesis 3 was that the shortened crank 
arm may normalize cycling task mechanics between the 
two limbs and therefore may be an influential factor on 
work asymmetry (how each limb contributes to total
work).
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METHODS

A group of eight male recreational cyclists with TTA 
(body mass [mean ± standard deviation]: 81.3 ± 16.1 kg, 
height: 1.84 ± 0.09 m, age: 33.7 ± 10.0 yr) were
recruited. Inclusion criteria were having a TTA second-
ary to trauma or cancer, being a prosthetic limb user for 
1 yr, regularly riding a bicycle, and self-reporting car-
diovascular exercise at least 6 h/wk. The inclusion crite-
ria were based on health screening protocols to minimize 
cardiovascular risk [29]. Exclusion criteria included hav-
ing any secondary neuromuscular complications, cardio-
vascular disease, diabetes, peripheral vascular disease, or 
anything that would limit exercise ability.

Volunteers pedaled a stationary electromagnetically 
braked ergometer (Excalibur Sport, Lode BV; Groningen, 
the Netherlands) adapted with a custom-fabricated pedal 
and crank system. Constant resistance was set at 15 Nm, 
and volunteers controlled cadence at 90 rotations/min 
based on a handlebar-mounted tachometer. The combina-
tion of workload and cadence meant power output was 
~150 W. This is a common load and cadence combina-
tion in motor control literature using cycling [18]. The 
baseline condition was with the crank arm lengths set to 
172 mm (control condition), which is typical for road 
cycling, while the experimental condition had the crank 
arm length on the amputated side set at 162 mm 
(CRANK condition). Shortening the crank on the ampu-
tated side reduces the geometric asymmetries between 
the two lower limbs of an individual with TTA. The ankle 
in the contralateral limb actively plantarflexes at the bot-
tom of the pedal stroke and dorsiflexes at the top, giving 
a total ROM of ~20 [25]. Using average human anthro-
pometrics, this means the shank and ankle (with the 
cycling cleat at the base of the first metatarsal) are effec-
tively lengthening and shortening a total of 19.8 mm 
[30]. Therefore, shortening the crank 10 mm on the 
amputated side (half the linear ROM) brings the pedal 
closer at the bottom and farther away at the top of the 
stroke to decrease kinematic asymmetries and offers a 
method to account for ankle joint movement of the con-
tralateral limb [26]. The linear ROM of the crank spindle 
relative to the ankle joint marker was calculated on the 
contralateral limb during cycling to verify whether short-
ening the crank arm 10 mm was sufficient for these
subjects.

Volunteers were given a 5 to 10 min warm-up period 
at 75 W and self-selected cadence. The subject’s pre-

dicted maximal heart rate was determined [29]. A heart 
rate monitor (Polar CS400, Polar Electro Oy; Kempele, 
Finland) was worn during all trials to verify submaximal 
workload and minimize fatigue effects. Data were col-
lected 30 s after the volunteers achieved and maintained 
steady-state cadence for at least 30 s.

The pedal contained dual piezoelectric elements to 
measure forces normal and orthogonal to the pedal surface 
[31] adapted with a commercial “clipless” pedal system 
(Figure 1) [32].

Figure 1.
(a) Instrumented pedal with cleated pedal interface, (b) exam-

ple of prosthetic socket and stiff aluminum foot used in experi-

ment, and (c) adjustable crank arms used for experiment.

 Saddle height was initially set to 98 per-
cent leg length, and then fine adjustments (±1 cm) were 
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made for comfort [26]. The handlebar reach, drop, and seat 
tube angle were adjusted to the subject’s position as mea-
sured from his primary bicycle, or (if his bicycle was 
unavailable) the position was based on established bicycle 
positioning protocol [26,33]. Top dead center of the crank 
cycle is defined as when the crank arm is vertical.

The crank arms were custom machined from alumi-
num and specialized to this pedal system (Figure 1). The 
crank arms consisted of two pieces: crank hub and crank 
arm. The crank hubs were machined to fit a standard 
square taper bottom bracket and a gear-driven potentiom-
eter necessary to calculate crank position. The crank arm 
was slotted to allow the researcher to alter crank arm 
length by loosening two recessed socket head cap screws, 
sliding the crank arm relative to the crank hub, and then 
retightening the screws. The resulting crank hub and arm 
system allowed for crank arm lengths between 162 and 
185 mm (172 and 162 mm used for this experiment). In 
addition, the crank arms were machined to offset the 
pedal bodies toward the midline of the cycle ergometer. 
This was necessary because the design of the piezoelec-
tric force pedal bodies offset the center of the pedal later-
ally and would increase pedal width if not taken into 
account. The combination of the medial offset incorpo-
rated in the crank arm design as well as machining and 
positioning of the pedal interface achieved a pedal width 
within conventional road bicycle specifications.

Prosthetic stiffness, e.g., prosthetic foot, and prosthetic 
alignment was controlled. A rigid 155 × 50 × 10 mm plate 
of 6061-T6 aluminum served as the “prosthetic foot” 
because a previous study demonstrated that pedaling 
asymmetries and pedal force variability were minimized 
using this foot (Figure 1) [5]. The subject’s prosthetic 
socket was duplicated with an electromagnetic shape-
capturing device (TracerCAD, The Ohio Willow Wood 
Company; Columbus, Ohio) and a thermoplastic pros-
thetic socket replica produced by a central fabrication 
facility (Prosthetic Design Inc; Clayton, Ohio). A portion 
of the lateral wall of the prosthetic socket was removed, 
allowing for knee center marker placement. Prosthetic sus-
pension was controlled across volunteers and included a 
silicon liner with mechanical pin type suspension (X-PSH-
PLUS, Prosthetic Design Inc). This type of prosthetic sus-
pension attached the distal end of the residual limb to the 
base of the prosthetic socket via a pin and lock device, 
effectively creating a pseudojoint. The cycling cleat was 
mounted in the approximate location of the first metatarsal 
head in the sagittal plane and the center of the foot in the 

frontal plane. The socket medial and lateral alignment rela-
tive to the foot was transferred from the subject’s personal 
prosthesis.

Analog data (force transducers and crank position) 
were collected at 300 Hz. Kinematic data were collected 
at 60 Hz using a motion capture system (Peak Perfor-
mance, Vicon Motion System Inc; Oxford, United King-
dom) and digitized using Peak Performance software. An 
electronic pulse synchronized force and video records. 
Reflective markers were placed on the subject over the 
sacrum as well as bilaterally over the greater trochanter of 
the femur, anterior superior iliac spine (ASIS), lateral epi-
condyle of the femur, and lateral malleolus. The proximal 
lateral wall of the prosthesis was removed to allow place-
ment of the knee marker, and there was an additional 
marker placed on the prosthesis at the location of the dis-
tal residuum. This allowed for calculation of the angular 
displacement between the residual limb in the prosthesis 
because the distal residuum pivots around the location of 
the prosthetic lock and the knee marker is directly over 
the anatomical knee joint [34]. This allowed joint kine-
matic calculations to be tied to physiological limb seg-
ments and account for any angular movement between the 
residuum and prosthetic socket. A static calibration trial 
was performed when the subject initially mounted the 
ergometer. The subject was asked to be still with the crank 
parallel to the ground for 10 s while data were collected. 
This information was used later to calculate the center of 
hip joint rotation based on the ASIS marker [35].

Kinetic and kinematic data were processed in custom-
written MATLAB software (MATLAB, MathWorks;
Natick, Massachusetts). The kinetic data were digitally fil-
tered using a fourth-order zero-lag Butterworth filter with a 
15 Hz cutoff frequency. The kinematic coordinate data 
were smoothed using a Woltring quintic spline. The kinetic 
and kinematic data of eight complete crank cycles were 
time normalized to 100 data points and averaged together.

The ankle joint center of rotation was calculated based 
on equations from Vaughan et al. [36]. The knee joint cen-
ter of rotation was calculated based on data presented by 
Smidt that related actual knee joint center to the lateral epi-
condyle of the femur [37]. Limb segment center of mass 
location, mass, and moment of inertia in the sagittal plane 
were calculated from regression equations [38] and modi-
fied for the appropriate joint centers [39]. Properties of the 
residual limb and prosthesis were calculated using a pen-
dulum method [40–41]. Joint moments were calculated 
using equations in inverse dynamics for the sagittal plane 
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[42]. Included joint angles were used to represent joint 
kinematics for the knee and ankle, whereas thigh position 
relative to the horizontal defined hip joint angle (limb 
schematic in Figure 2). Average and ROM of limb kine-
matics were calculated for analysis.

A one-way analysis of variance evaluated differences 
in joint kinematic and joint kinetic variables between the 
contralateral and amputated limbs across the control and 
CRANK conditions (total of four groups: contralateral 
limb and control condition, contralateral limb and CRANK 
condition, amputated limb and control condition, and 
amputated limb and CRANK condition). When statistical 
significance was found, a Tukey post hoc analysis revealed 
specific differences between groups. Paired t-tests were 
used to evaluate differences in force and work asymme-
tries across the control and CRANK conditions. Statistical 
significance was set at p < 0.05.

RESULTS

Significant differences were observed in the average 
knee angle and hip ROM between the contralateral and 
amputated limbs in the control condition, indicating that 
these volunteers were kinematically asymmetrical before 
altering crank arm length (Figure 2). The CRANK condi-
tion significantly reduced the knee and hip ROM in the 
amputated limb compared with the control condition (Fig-
ure 2). No significant differences were found between the 
contralateral and amputated limbs within the CRANK con-
dition, indicating that the shortened crank arm did minimize 
kinematic asymmetry (Figure 2). No statistically signifi-
cant differences were noted in contralateral limb ankle, 
knee, and hip kinematics between the control and CRANK 
conditions. The linear ROM of the crank spindle relative to 
the ankle joint center of the contralateral limb was 23.9 ± 
3.4 mm, calculated to verify that the CRANK condition 
selected was appropriate for these subjects. Therefore, the 
“ideal” amount to shorten the crank was ~12 mm or about 
2 mm more than what was done for this experiment.

Pedaling asymmetries with regard to work and force 
generated at the crank were not significantly different 
between the control and CRANK conditions (p = 0.85 
and 0.56, respectfully) (Figure 3). Work asymmetry
decreased a small amount in four volunteers and
increased in the other four volunteers that used the short-
ened crank (Figure 4). The differences in work asymme-
try between conditions were small within volunteers

Figure 2.
Average (a) joint angle and (b) range of motion for knee and hip 

joint. Information for contralateral limb during CRANK condition is 

not shown for clarity because there were no differences in contra-

lateral limb kinematics between control and CRANK conditions. 
*Statistically significant difference from contralateral limb within 

condition. †Statistically significant difference from control condi-

tion within amputated (AMP) limb.

 and 

generally within normal variability (Figure 4) [27].
Crank torque production was similar in the amputated 
limb between conditions (Figure 5).
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The ankle

Figure 3.
Pedaling asymmetries regarding work produced about crank 

spindle (work asymmetry) as well as force produced at pedal 

(force asymmetry) and asymmetries in average joint moments. 

No significant differences exist in pedaling asymmetries between 

control and CRANK conditions.

 joint moment demonstrated significant 
asymmetry between the contralateral and amputated limbs 
during both the control and CRANK conditions regarding 
the average (p = 0.004) (Table 1) and peak (p = 0.005) 
(Table 2) extension moment but showed no changes com-
paring across control and CRANK conditions within the 
amputated limb 

Figure 4.
Change in work asymmetry between conditions demonstrating 

four subjects with decreased and four subjects with increased 

asymmetry with shortened crank. Each line represents data for 

individual subject.

(p = 0.84 and 0.44, respectfully).
A significant asymmetry was observed for the knee 

joint moment between the contralateral and amputated 
limbs during both the control and CRANK conditions 
with regard to the average (p = 0.004) (Table 1) and the 
peak extension moment (p = 0.04) but not with the flexor 
moment (p = 0.10) (Table 2). The average and peak knee 
joint extensor moment was significantly reduced from 
the control to the CRANK condition within the ampu-
tated limb (p = 0.04) (Tables 1–2).The reduced knee 
extensor moment within the amputated limb during the 
CRANK condition occurred in all eight volunteers 
regardless of whether the individual subject demon-
strated a change in work asymmetry at the crank, thereby 
increasing asymmetries between the two limbs despite 
having symmetrical kinematics.

The average (Table 1) and peak magnitude (Table 2) 
hip extensor moment did not show any significant differ-
ences between the control and CRANK conditions (p = 0.13 
and 0.12, respectfully). However, the CRANK condition

demonstrated a trend (but not significant: p = 0.12) toward a 
greater hip extensor moment when the knee moment was 
reduced (~60–120) in the amputated limb, thereby demon-
strating increased asymmetry between contralateral and 
amputated limbs during the CRANK condition (Figure 6).

In summary, shortening the crank arm on the amputated 
side removed the significant differences between the contra-
lateral and amputated limbs regarding limb kinematics (aver-
age included joint angle and ROM) resulting in kinematic 
symmetry. However, there remained significant kinetic 
asymmetries (work and force production at the pedal and in 
joint moments) between the contralateral and amputated 
limbs during the control condition, and those asymmetries 
remained during the CRANK condition. The contralateral 
limb did not alter crank torque or joint moments between the 
control and CRANK conditions. The amputated limb did 
demonstrate a significant reduction in knee joint moment and 
a trend toward increasing hip joint moment between the con-
trol and CRANK conditions, thereby increasing the already 
present joint moment asymmetries.

DISCUSSION

One of the most important findings was that utilizing a 
shortened crank on the amputated side minimized kinematic 
asymmetries (limb segment angles) but had no significant 
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Figure 5.
Crank torque for contralateral limb during control condition (short 

dashed line), amputated (AMP) limb during control condition (long 

dashed line), and AMP limb during CRANK condition (solid line).

effect on work or force asymmetries. This observation indi-
cates that the amputated limb performed an equal amount of 
work about the crank spindle in both conditions. Force 
asymmetry is related to strength and/or inertial imbalances 
between limbs [27]. These asymmetries are “fixed” within 
an experiment and should not change. The force asymme-
tries data were also similar to a prior study on a separate 
group of cyclists with TTA, suggesting that these data are 
representative of a larger sample and instrumentation error 
was minimized [5]. The stated hypothesis 2 was accepted 
and hypothesis 3 was rejected because limb kinematics did 
not have an effect on pedaling kinetics (force asymmetry, 
work asymmetry, and crank torque). The differences in 
work asymmetry within a subject were still relatively small 
(mean absolute difference: 3.7%) and thus within the normal 
intersubject variability for this measure [43]. In partial con-
trast, prior research showed that two out of three cyclists 
with TTA reduced work asymmetries with a shortened 

crank arm (~10%), while the third subject experienced no 
change [26]. The difference may be explained by results 
from individual data, indicating a 50/50 chance of selecting 
a subject that would demonstrate reduced asymmetry with a 
shorter crank (Figure 5). Comparing the results with past 
pilot work demonstrates the necessity of taking larger data 
sets to fully understand the intervention effects on prosthetic 
performance before publishing [26].

Shortening the crank arm on the amputated side did 
produce symmetrical joint motion between limbs by dem-
onstrating (1) no statistical differences between the con-
tralateral and amputated limbs regarding mean joint angle 
or ROM during the CRANK condition and (2) a statistical 
difference between the control and CRANK conditions 
within the amputated limb (Figure 2). The linear ROM of 
the crank spindle relative to the ankle joint center of the 
contralateral limb was calculated to verify that the 
CRANK condition selected was appropriate for these sub-
jects. Those results demonstrated a linear ROM of 23.9 ± 
3.4 mm, meaning the “ideal” amount to shorten the crank 
was ~12 mm and is close to the 10 mm used in this experi-
ment that still produced a measureable change in limb
kinematics. This method allowed for the subject to loco-
mote with symmetrical kinematics without providing any 
visual feedback or cueing associated with gait studies 
investigating interlimb symmetry and thereby minimizing 
supraspinal input into the motor system [44].

The combination of joint moments used to deliver loads 
to the crank between the contralateral and amputated limbs 
remained significantly different (asymmetric) between the 
control and CRANK conditions. The contralateral limb did 
not alter kinetic output (joint moments or crank torque) 
between the control and CRANK conditions. Therefore, 
significant asymmetries remained (in fact, worsened) 
between the contralateral and amputated limbs at each joint 
and at the pedal despite having symmetrical

Limb and Condition
Ankle Extensor
Moment (Nm)

Knee Extensor
Moment (Nm)

Knee Flexor
Moment (Nm)

Hip Extensor
Moment (Nm)

Contralateral Limb
19.0 ± 3.5 16.0 ± 5.5 17.0 ± 4.5 39.0 ± 6.5
18.0 ± 4.3 17.0 ± 5.3 18.0 ± 4.6 41.0 ± 8.0

Amputated Limb
13.0 ± 2.5* 9.9 ± 4.0* 15.0 ± 3.4 35.0 ± 8.2
13.0 ± 3.2* 7.4 ± 3.9*† 15.0 ± 3.7 38.0 ± 9.2

 kinematics.

Table 1.
Joint moment (mean ± 1 standard deviation) averaged over crank cycle.

Control
CRANK

Control
CRANK

*Statistically significant difference from contralateral limb within condition.
†Statistically significant difference from control condition within amputated limb.
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Limb and Condition
Ankle Extensor
Moment (Nm)

Knee Extensor
Moment (Nm)

Knee Flexor
Moment (Nm)

Hip Extensor
Moment (Nm)

Contralateral Limb
45.0 ± 11.0 33.0 ± 13.0 37.0 ± 10.0 82.0 ± 20.0
43.0 ± 9.9 32.0 ± 11.0 40.0 ± 10.0 88.0 ± 24.0

Amputated Limb
34.0 ± 8.8* 18.0 ± 7.2* 35.0 ± 11.0 69.0 ± 23.0
34.0 ± 11.0* 14.0 ± 8.0*† 35.0 ± 12.0 76.0 ± 26.0

There were some notable changes within the ampu-
tated limb regarding knee and hip joint moments between 
the control and CRANK conditions (Figure 6). The 
reduced knee extensor moment was associated with an 
increase in the hip extensor moment with no change in 
the ankle joint moment within the amputated limb from 
60 to 120 of crank rotation (Figure 6). These data indi-
cate that the hip and knee joint compensated to maintain 
total output seen as no change in the ankle moment and 
crank torque (Figures 5–6). We speculate that the com-
bined changes in knee and hip joint moments may be 
needed to maintain torque output with a shortened crank 
arm. A shortened crank arm typically requires an increase 
in force normal to the crank arm during the power phase 
(45–135°) to maintain crank torque. Gregor et al. stated 
that an increased force during this region, given the ori-
entation of the limbs, will produce an increase in the hip 
extensor moment and decrease in the knee extensor 
moment, thereby increasing force output to compensate 
for the shorter crank and maintain crank torque [45]. 
Therefore, the joint kinetics represent intralimb changes 
in how the participants adapted to utilize a shortened 
crank arm rather than a change in total limb output, 
further explaining why there was no change in work 
asymmetry.

Cycling is a constrained motor task in which limb 
kinematics may be manipulated by changing the position 
of the rider. Walking, a less constrained form of locomo-
tion, includes a phase when the foot is not in contact with 
the ground. When the foot is not in contact with the 
ground, prosthetic users can alter step length and timing 
[45]. Prosthetic users also demonstrate asymmetries in 
ground reaction forces and joint kinetics [1–4], and these 
asymmetries have been suggested as an underlying factor 
in the higher prevalence of osteoarthritis in the contralat-
eral limb [6]. Our study selected the constrained cycling 

task because it allowed us to minimize kinematic asym-
metries and focus on the propulsive aspects of locomo-
tion while utilizing a rhythmic motor task and minimize 
supraspinal influences [18–19,22–24]. Regardless of the 
constrained or unconstrained nature of these two locomo-
tor tasks, kinematic and kinetic asymmetries have been 
documented in both [1–5,7–9,11,44], and this research 
demonstrated that significant kinetic asymmetries 
remain, despite symmetrical limb movement indicating 
that kinetic asymmetries may be more related to differ-
ences in the propulsive ability of each limb.

CONCLUSIONS

In conclusion, the results show a limited relationship 
between kinematic and kinetic asymmetries as supported in 
earlier reports [1]. Cycling was used as the locomotor task 
because it is predominantly a propulsive task, whereas gait 
is a dual balance and propulsive task. The finding refutes 
the common prosthetic and rehabilitative goal to minimize 
kinematic asymmetries in the belief that this will also mini-
mize kinetic asymmetries [9]. These results indicate kinetic 
symmetry may not be a practical realization in persons with 
unilateral TTA even in the presence of kinematic symmetry. 
Task performance appears to be a more heavily weighted 
controller than task symmetry. This notion is supported by 
Winter and Sienko: “Any human system with major struc-
tural asymmetries in the neuromuscular and musculoskele-
tal systems cannot be optimal when the gait is symmetrical. 
Rather, a new nonsymmetrical optimal is probably being 
sought by the amputee within the constraints of his residual 
limb and the mechanics of his prosthesis” [1]. Task mechan-
ics have been shown to heavily influence motor behavior 
[1,18–24,45], and in the case of a person with a TTA, task 
mechanics have been substantially altered. In this regard, 

Table 2.
Peak joint moment (mean ± 1 standard deviation) within crank cycle.

Control
CRANK

Control
CRANK

*Statistically significant difference from contralateral limb within condition.
†Statistically significant difference from control condition within amputated limb.
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Figure 6.
(a) Hip, (b) knee, and (c) ankle joint moments for contralateral 

limb during control condition (short dashed line), amputated 

(AMP) limb during control condition (long dashed line), and 

AMP limb during CRANK condition (solid line).

optimization of task mechanics (socket design, prosthetic 
foot mechanical properties and alignment, etc.), given the 
physiological constraints of the person (neuromusculo-
skeletal system losses), may improve locomotor perfor-

mance more than just focusing on symmetrical kinematics. 
Prosthetic kinetics may be directly measured in the clinic, 
and those devices are capable of providing real-time feed-
back to the clinician to improve prosthetic design [11–13]. 
This should be done while keeping in mind that the person 
is now operating with two very different limbs; therefore, 
an asymmetry may provide for the most functionally advan-
tageous locomotion. The question now becomes whether 
there is an “optimal” amount of interlimb asymmetry? This 
will likely be different based on a multitude of factors, from 
limb length to integrity of the remaining neuromuscular 
system to prosthetic design. Future research may develop 
well-calibrated computer models based on experimental 
research to predict an optimal amount of asymmetry based 
off patient measurements, and then this could be verified by 
direct measurement during the fitting process. This knowl-
edge would set quantifiable rehabilitation goals based on 
patient presentation and not what is considered “normal” 
based on the nondisabled population.
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