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Abstract—This repeated measures study assessed the changes 
in speed, acceleration, stroke freq uency, and shoulder range of 
motion (ROM) associated with dif ferent wheelchair axle posi -
tions in peop le with chroni c cerv ical (C) 6 tetraplegia. Our 
main hypothesis is that t he up and forward axle position is the 
most conducive to wheelchair propulsion, increasing speed and 
acceleration with a lower stroke fr equency. In a chronic spinal 
cord injury (SCI) unit, we m easured the spee d, acceleration, 
stroke frequ ency, and sho ulder ROM in four dif ferent axle 
positions in eight subjects with C6 SCI. We analyzed two start-
up strokes over a smooth, level vinyl floor in the Motion Analy-
sis Laboratory (Fl eni Instit ute; Esco bar, A rgentina). We ana -
lyzed data fo r sign ificant stat istical dif ferences using the 
Wilcoxon si gned rank t est and t he Friedm an t est. O ur stu dy 
showed that  the up and forw ard axl e position resu lts in an 
increase of speed and acceleration,  with a higher stroke fre -
quency and a decreased shoulder ROM. In addition, the down 
and backward axle position results i n th e lowest sp eed and 
acceleration, with a lower stroke  frequency and an increased 
shoulder ROM. The up and forward axle position was the most 
conducive to stroke compared with other positions we analyzed.

Key words: ASIA C6, axle po sition, kinematic, propu lsion, 
spinal cord injury , stroke frequency, tetraplegia, wheelchair , 
wheelchair acceleration, wheelchair speed.

INTRODUCTION

Most patients with spinal cord injury (SCI) use manu-
al wheelchairs. A number of studies on people with para-

plegia have studied upper-limb kinematics [1–2], forces 
applied on the wheelchair pushrim [3–4], propulsion pat-
terns [5], and muscle activity  du ring p ropulsion [6 –8]. 
Researchers have focused on different variables, such as  
hand-rim size, wheel camber, rim tube diameter, and seat 
position, to determine how different wheelchair configu-
rations may af fect ener gy expe nditure a nd mec hanical 
efficiency of wheelchair propulsion [9–13].

Based on the evide nce, we recommended adjus ting 
the rear axle as far forwa rd as poss ible without compro -
mising the stability of the user. A more up and forward 
axle position decreases rollin g resistance and therefore 
increases propulsion e fficiency. It increa ses the hand-
contact angle or amount of the pushrim used by the indi-
vidual. It has also been related to lower peak forces, less 
rapid loading of the pushrim, fewer strokes to go at the 
same speed, and grea ter ha nd-contact angles [5]. How-
ever, most of these  studies we re pe rformed on people  
with paraplegia. A stud y by Cowan et al. performed in 
older adults an alyzed th e wh eelchair configuration and 
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determined that the greatest reductions in peak forces 
occur in lighter chairs with anterior axle positions [14].

According to Dal yan et al., a poor initial adaptati on 
to the wheelchair often resulted in  upper-limb pain  and 
dysfunction [15]. This was particularly true for people with
tetraplegia who had an even highe r prevalence of shoul -
der pain than p eople with paraplegia [15–16]. A kin etic 
study of wheelchair propulsion of people with tetraplegia 
showed higher shoulder-joint reaction forces during con-
tact with the pushrim [17]. Newsa m et al. compared the  
temporal-spatial characteristics of wheelchair propulsion 
in people with low paraplegia , h igh paraplegia, cervical 
(C) 7 tetraplegia, and C6 te traplegia and established that 
in people with C6 tetraplegia, propulsion velocities were 
significantly slower than all other groups [18]. We know 
that people with motor C6 tetraplegia represent a special 
subset of patients, given their multiple deficits in muscle 
strength imposed by their level of SCI [19]. In this particu-
lar group of people, it is of u tmost importance to m axi-
mize propulsion efficiency. To the best of our knowledge, 
no publications comparing dif ferent axle positions focus 
on patients with C6 motor SCI.

Our s tudy a ssessed the changes in speed, ac celera-
tion, stro ke frequ ency, and shoulder range o f moti on 
(ROM) ass ociated with four dif ferent wheelchair axle 
positions in people with chronic C6 tetraplegia. Our main 
hypothesis is that the up and forward axle position is the 
most conducive to wheelc hair propulsion, inc reasing 
speed and acceleration with a lower stroke frequency.

METHODS

We invited wheelchair us ers from our rehabili tation 
unit patient database to par ticipate in the study . W e 

included people with chronic (12 months) C6 SCI Ameri-
can Spinal Injury Association (ASIA) lev el A acc ording 
to ASIA Classification [20]. All of them had completed a 
standard r ehabilitation progra m, including wheelchair 
training, an d h ad no rmal up per-limb, trun k, and  pelvis 
ROM. All su bjects ha d be en u sing dif ferent mo dels of 
rigid-frame manual wheelchairs. Axle position varied 
among th e study po pulation. We excluded peop le with 
chronic uppe r-limb pain, associate d trauma tic brain 
injury, dementia, drug or alcohol abus e, psychiatric con-
dition, heart failure, respir atory diseases, or any other 
clinical condition that precluded their participation in the 
trial.

We studied eight subjects with C6 SCI ASIA level A. 
All of them reported using manual wheelchair propulsion 
at their homes. Table 1  details subject characteristics.

We evaluated subjects in a Motion Analysis Labora -
tory (BTS ELITE [BTS Bioengineering; Milan, Italy]). 
We positioned six infrared cameras (100 Hz) surrounding 
a capture volume of 600 cm × 150 cm × 180 cm. The sys-
tem coll ected the coordi nates of retroreflective markers 
attached to the right acromial end, C7 vertebrae, sacrum, 
right olecranon, sty loid pr ocess o f th e radius an d u lna, 
third meta carpal head, and whee l axis. We placed two 
additional markers on the wheels at a fixed distance from 
the axis. We placed the ma rkers unilaterally on the right 
side of the subject and whee lchair. We placed the sac ral 
marker on the wheelchair backrest to avoid optical occlu-
sion. To locate the right position of the sacrum, we gener-
ated one virtual marker in processing time, referred to the 
original sa cral ma rker a t a  distance equivale nt to the  
chair-back width. We calculated upper-limb angular kine-
matics using the method described by Rab et al. [21]. We 
performed data acquisition and processing using the BTS 
SMART-Analyzer (BTS Bioengineering).

Table 1.
Subject characteristics.

Participant Age (yr) Sex ASIA 
(motor level) Weight (kg) Height (cm) Time Since 

Injury (mo)
1 35 M C6 A 90 180 20
2 23 M C6 A 68 176 44
3 17 M C6 A 82 182 28
4 27 M C6 A 80 180 83
5 23 M C6 A 70 175 52
6 33 M C6 A 84 188 23
7 44 M C6 A 73 173 12
8 57 M C6 A 65 173 37

ASIA = American Spinal Injury Association, C6 A = C6 tetraplegia at ASIA level A, M = male.
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Adjustable Wheelchair
We used a Quickie R2 rigid-frame ultra-lightweight 

wheelchair (Sunrise Medical; Longmont, Colorado) with 
26 in. (66 cm) diameter rear wheels, 23 in. (59 cm) plastic-
coated hand rim, 4 in. (10 cm) polyurethane front wheels, 
16 in. (41 cm) sea t width, 16 in. (41 cm) seat d epth, 0° 
camber angle, and medium backrest with a JAY 2 cushion 
(Southwest Medical; Phoenix, Arizona). We modified the 
rear axle position on the longitudinal direction (x) and the 
vertical direction (y). We defined four rear axle positions 
according to the most comm only prescribed settings in 
our rehabilitation clinic: up  and forward (position 1), 
down and forward (position 2), down and backward 
(position 3), and up and backward (position 4). Moving 
the axle forward generates a seat unit that is posterior rela-
tive to the  rear wheels, and moving t he axle backward 
results in a seat unit that is anterior relati ve to the rear 
wheels. Moving down the posterior seat resulted in a seat 
unit that is lower relative to the rear wheels, and moving 
up the posterior seat resulted in a seat unit that is higher 
relative to the rear wheels. In the four axle positions, the 
backrest angle  was the same. W e standardized subjects’ 
positions to the wheelchair using a marker on the shoul -
der to axle position 4 at a 0.752 ± 0.024 m distance (mean ±
standard deviation). We then modified axle position on the 
anterior by 0.25 in. (0.63 cm) and 1.75 in. (4.44 cm) in 
relation to the backrest and downward 4.5 in. (11.4 cm) 
and 6.5 in. (16.5 cm) in relation to the seat (Figure). We 
adjusted the backrest and footrest heights of th e wheel-
chair so that they were similar to the subjects ’ personal 
wheelchairs.

Data Collection
We collected data as participants propelled the instru-

mented wheelchair over a 1 0 m section of sm ooth, level 
vinyl floor. Prior to data collection, each subject had a
5 min warm-up session. We instructed subjects to propel 
the wheelchair for five trials at maximum speed. The first 
two tria ls s erved as practice s essions s o subjects c ould 
become familiar with the test  conditions. S ubjects then 
continued with the other thre e trials, which we used for 
data reco rding. In between trials, subjects had 5 min 
breaks. Each trial consisted of on e ramp  upstroke from 
standstill and two full start-up strokes (that were ana -
lyzed). We defined a propulsion cycle as the initial con -
tact between the subjects’ hands and the wheelchair hand 
rim until the next contact. We obtained the initial contact 

by visual cues using the vertical co ordinates from the 
center of rotation of the wrist.

We randomly modified axle  positions for each sub -
ject. The subje cts w ere fastened to the wheelc hair by a  
safety strap at the middle of their trunk to avoid a fall at 
sudden deceleration.

Data Analysis
We a nalyzed speed, a cceleration, s troke frequency, 

and shoulder ROM. We calculated speed and acceleration 
as the average of the instant values during the entire trial. 
We calc ulated spee d as  the a verage value of the  linear  
velocity of the s acral marker. We obtained the  accelera-
tion as a first temporal derivative of velocity. We defined 
stroke frequency as the number of propulsion cycles per 
minute. We obtained the shoulder ROM as the difference 
between the maximum and minimum de grees of the  
shoulder rotation curves in the three different planes. The 
final value is the average of the two strokes and the three 
trials analyzed for each subject.

We analyzed d ata fo r s ignificant statistical  dif fer-
ences using the Wilcoxon signed rank test and the Fried-
man test. We set statistical significance at p < 0.05.

Figure.
Seat position matrix. 1 = position 1, 2 = position 2, 3 = position 3, and 
4 = position 4.
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RESULTS

Speed
Table 2  shows the speed at different axle positions. 

We observed significant differences in the s peed for the  
different axle positions. Position 1 (up and forward axle) 
obtained the highest speed, showing s ignificant dif fer-
ences compared with all other positions. Positi on 3 
(down and backward axle ) showed the low est spe ed 
(Table 3).

Acceleration
Table 2  shows the acceleration at different axle posi-

tions. We observed significant differences in the acce lera-
tion for the different axle positions. W e did not  see 
significant differences between positions 1, 2, and 4. W e 
saw the least acceleration cap acity in position 3 (down 
and ba ckward a xle), with significant differences c om-
pared with the other axle positions (Table 3).

Stroke Frequency
Table 2  shows the stroke frequency at different axle 

positions. W e observed significant di fferences in the 

stroke frequency for the di fferent axle positions. The 
stroke frequency in positio n 1 was significantly higher 
than in positions 2 and 3. The stroke frequency in position 4 
was also higher compared with positions 2 and 3 (Table 3).

Shoulder Range of Motion
The data collection recorded from the Motion Analy-

sis La boratory showed a  decre ased shoulder ROM in 
position 1 compared with positions 2 and 3 at the trans -
versal plane . The shoulder ROM in pos ition 4 was les s 
than position 3 in the transversal plane. We found no sig-
nificant shoulder ROM dif ferences in the coronal a nd 
sagittal planes (Tables 4 and 5).

Axle Positions
Considering the variables mentioned earlier , our 

study showed that—
1. At position 1 (up and forwar d axle), subjects reached 

the highest speed, show ing significant dif ferences 
compared with all other positions. Position 1also had a 
higher stroke freque ncy and a shorte r shoulder ROM 
in the transversal plane in positions 2 and 3.

Table 2.
Speed, acceleration, and stroke frequency at different axle positions.

Kinematic Parameter Axle Position Friedman Test1 (UF) 2 (DF) 3 (DB) 4 (UB)
Speed (m/s)

Median 1.10 1.02 1.01 1.07 2 = 18.60
Min–Max 0.97–1.34 0.91–1.30 0.83–1.13 0.95–1.22 p < 0.001*

Acceleration (m/s2)
Median 0.085 0.077 0.049 0.084 2 = 11.85
Min–Max 0.07–0.38 0.05–0.25 0.03–0.09 0.07–0.12 p = 0.01*

Stroke Frequency (cycles/s)
Median 0.95 0.92 0.92 0.93 2 = 8.46
Min–Max 0.86–1.04 0.80–1.02 0.85–0.93 0.86–0.97 p = 0.37*

*Significance level set at p < 0.05.
DB = down and backward axle, DF = down and forward axle, Max = maximum, Min = minimum, UB = up and backward axle, UF = up and forward axle.

Table 3.
Speed, acceleration, and stroke frequency at different axle positions by Wilcoxon signed rank test.

Kinematic Parameter
Comparison of Related Pairs (Axle Position)

1 vs 2 1 vs 3 1 vs 4 2 vs 3 2 vs 4 3 vs 4
Speed (p-value) 0.01* 0.01* 0.01* 0.04* 0.89 0.12*

Acceleration (p-value) 0.58 0.12* 0.26 0.05* 0.58 0.01*

Stroke Frequency (p-value) 0.01* 0.05* 0.21 0.33 0.89 0.01*

*Significance level set at p < 0.05.
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2. At po sition 2 (down and forward axle), su bjects 
reached a lowe r speed than in position 1 but higher 
than in position 3. The st oke frequency was lower and 
the s houlder RO M in the transversa l plane was 
increased compared with position 1.

3. At position 3 (down and b ackward axle), subjects  
reached the lowest speed, used the lowest acceleration, 
and used a lower stroke frequ ency than in positions 1 
and 4. Also , we ob served the greatest sho ulder ROM 
in the transversal plane in this position.

4. At position 4 (up and backward axle), subjects reached 
a lower speed than in position 1 but higher speed than  
in position 3. The stroke frequency was increased com-
pared with position 3. Also , we observed a decreased  
shoulder ROM in the transversal plane compared with 
position 3.

DISCUSSION

Achieving ambulatory independence continues to be 
a real challenge for pa tients with motor C6 SCI. While 
most patients with paraplegia  will easil y gain training 

with wheelchairs, those with motor C6 SCI are a specia l 
subset of patients given their multiple deficits in muscle 
strength. Harburn and Spaulding reported a higher inten-
sity of muscular activity in the subjects with t etraplegia 
compared with subjects wi thout disability and subjects 
with paraplegia [22]. Mulroy et al. determined that a fur-
ther decreased velocity in people with C6 tetraplegia can 
be partially attributed to a lack of functional triceps activ-
ity and reduce d biceps ac tivation [1 9]. In  ou r stud y, 
although w e cons ider the mus cular activity to be  an 
important variable, we did not measure it. We determined 
whether changes in axle position, which are usually made 
in the clinical setting, would result in a significant change 
in speed, acc eleration, stro ke freq uency, an d sh oulder 
ROM in people with C6 tetraplegia.

Our results demonstrate that  subjects in position 1 
(up an d forwa rd axle ) reached the hig hest speed, had a 
higher s troke fre quency, reached a  highe r ac celeration, 
and achieved a  shorter shoulder ROM in the transversa l 
plane. In c ontrast to these results, Kotajarvi et al. found 
that seat position changes had no ef fect on wheelchair 
speed an d stro ke freq uency in pe ople with pa raplegia 
[13]. Other researchers of whee lchair propulsion placed 

Table 4.
Shoulder range of motion at different axle positions.

Kinematic 
Parameter

Results (Axle Position) Friedman Test
1 (UF) 2 (DF) 3 (DB) 4 (UB)

Transversal (°)
Median 34.1 39.3 47.5 41.4 2 = 9.00
Min–Max 27.3–37.6 30.5–60.0 25.6–73.6 26.4–57.0 p = 0.03*

Frontal (°)
Median 35.3 41.1 45.2 41.4 2 = 4.65
Min–Max 21.8–39.1 20.7–56.7 22.5–57.1 23.6–53.7 p = 0.20

Sagittal (°)
Median 74.4 71.0 75.3 74.3 2 = 2.40
Min–Max 47.6–85.9 46.7–109.9 47.8–91.6 49–95.9 p = 0.49

*Significance level set at p < 0.05.
DB = down and backward axle, DF = down and forward axle, Max = maximum, Min = minimum, UB = up and backward axle, UF = up and forward axle.

Table 5.
Shoulder range of motion at different axle positions by Wilcoxon signed rank test.
Kinematic 
Parameters

Comparison of Related Pairs (Axle Position)
1 vs 2 1 vs 3 1 vs 4 2 vs 3 2 vs 4 3 vs 4

Transversal (p-value) 0.01* 0.04* 0.07 0.12 0.16 0.03*

Frontal (p-value) 0.07 0.07 0.12 0.40 0.26 0.09
Sagittal (p-value) 0.48 0.16 0.05* 0.58 0.58 0.48
*Significance level set at p < 0.05.
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subjects on a wheelchair ergometer with split rollers at a 
constant speed, finding tha t the low a nd posterior sea t 
positions decreased the stroke frequency [6]. It is impor-
tant to me ntion that Boninger et al.’ s study showe d that 
decreasing the frequency of propulsion a nd reducing the 
rate of rise of force may help prevent median nerve injury 
and thus carpal tunnel syndrome [12].

On the other hand, in position 3 (down and backward 
axle), subjects reached the lowest speed, reached the low-
est acc eleration, and had th e lowest stroke  frequency . 
Also, we  observed the highest shoulde r ROM in the  
transversal plane in this position. These results are related 
to Bru baker’s study, whi ch no ted that p ropulsion ef fi-
ciency is significantly affected by the user’s position rela-
tive to the axle and advocated a posterior seat position to 
decrease rolling resistance and increase propulsion effi-
ciency [1 1]. Als o, Boninger et a l. determined tha t a  
shorter vertic al distance betwee n the  axle and shoulde r 
and a more forward axle po sition were correlat ed with 
improvements in wheelchair propulsion biomechanics [12].

In our stud y, all of the subjects in the dif ferent axle 
positions were within the pa rameters described by V an 
der Woude et a l. They reported that the  ideal seat height 
is the point at which the angle between the upper arm and 
forearm is between 100° and 120° when the hand is rest-
ing on the top dead center of the pushrim [23].

Although th e ideal co ndition wou ld be h igh sp eed 
and acceleration with a low stroke  frequency, according 
to the literature and our own knowledge, we suggest that 
the up and forward axle pos ition is the most suitable for 
patients with tetr aplegia because t his position improves 
acceleration a nd spee d w ith a  shorter shoulder ROM. 
These variables a re e ssential for the propuls ion of the  
wheelchair in the patient’ s home, given the short dis -
tances required there. We must note that the se patients  
are mainly using the ir wheelchai rs in their homes. It is 
also important to consider ot her factors when determining
the proper setup, such as anthropometry and activity level,
among others. Furthermore, axle positions have other 
everyday implications such as a decrease in turning radius, a
decrease in the downhill turning tendency when on a slanted
surface, a decrease of flutter in the front casters, etc.

In our study, we found that the stroke frequency is 
increased in the up and forward ax le position. Fu rther 
studies will determine whether this is due to the fact that 
we analyzed start-up strokes and that we  performed the  
study over a smooth surface.

The present study is limited,  though, by the fact that 
the subjects were all male, the seat width was not adjust-

able (all subjects could fit and none reported complaints), 
the backrest was  the same for all pa rticipants (none  
reported complaints), and the analysis was only based on 
two start-up strokes. Subsequent studies should take into 
consideration aspects such as electromyographic muscle 
activity, kinetic dat a using a forc e and torque  sensing 
pushrim, and oxygen uptake to determine the most ef fi-
cient axle position for people with chronic C6 tetraplegia. 
Future studies will determine if any differences exist for 
with people with C7 tetraplegia, since the triceps plays an 
essential role in the propulsion  in this particular popula -
tion. In addition to this, our results will also need to be 
compared with future  studies about steady-state propul-
sion in this population.

CONCLUSIONS

The up  and  forward axle position resu lted in  an 
increase in s peed and ac celeration with a higher stroke  
frequency and decreased shoulder ROM. The down and 
backward axle positi on resulted in the lowest  speed and 
acceleration with a lower stroke frequency and increased 
shoulder ROM. Th ese findings are  extremely important 
for these subjects.
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