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A newly designed standing wheelchair that moves even while standing posture has been developed to improve the health and the
quality of life for wheelchair users. However, this standing wheelchair has hand rims separate from the wheels, likely affecting the
biomechanical characteristics and the efficiency of propulsion. Thus, this study aimed to propose a method to determine the optimal
riding position by evaluating muscle activation during manual standing wheelchair propulsion. Ten elderly male subjects were asked
to propel the hand rims with nine different seat (while sitting) and footrest (while standing) positions. During the experiments,
kinematic data were obtained using a 3D motion capture system and sEMG measurement system, respectively. Simultaneously, surface
electromyography signals were recorded from eleven muscles on the right side of the trunk and the upper extremity to evaluate relative
iEMG and muscle co-contraction ratio. The muscle co-contraction ratio was higher at positions (upward and backward directions)
distant from the hand rim and lower at positions (downward and forward directions) close to the hand rim. These results indicate
that decreased distance from the hand rim enhances joint stability and decreases muscle co-contraction. These results also showed
a good similarity with our previous study using energy expenditure method.
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1. Introduction

Wheelchair is the most familiar and the important mobile device for
individuals with the loss of mobility. In all wheelchair users, the
proportion of elderly people over 65 was 56% and 96% of them used
manual wheelchairs.! Although electric powered wheelchairs are more
convenient, manual wheelchairs are prescribed for most people with
disabilities except those with conditions such as obesity, overuse of the
upper limbs, long-time living with a disability, and poor health and
nutrition because manual wheelchairs are easy to use and affordable and
maintain upper body strength and endurance. Despite the advantage and
the necessity of manual wheelchairs, its long-term use is associated with
various upper extremity injuries.”> Therefore, many previous studies
have evaluated the effects of seat position or propulsion pattern on
physiological and biomechanical outcomes since many researchers
considered that overuse of the arm in an inefficient way may be related
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to pain and injury.>*

According to previous studies regarding changes in the propulsion
pattern and muscle activity depending on different seat positions,
Masse et al.” investigated that the relationship between the seat position
and muscle activation. They measured the kinematics and surface
electromyography (SEMG) from shoulder muscles for five male
paraplegics in six different seat positions. As a result, they concluded
the backward-low and the middle-low position were the most efficient
position because the overall integrated EMG (iEMG) and pushing
frequency were lower than other position. Louis et al.® measured upper
limb muscle activation and kinematics during wheelchair propulsion in
twelve different seat and axle positions with ten able-bodied and ten
paraplegic subjects. They divided the push phase in two parts for a
more precise analysis and found no significant difference for push
percentage over cycle propulsion between the paraplegic group and the
able-bodied group, but early push time was significantly longer for the
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paraplegic group than for the able-bodied group. Also, they found that
muscle activation was increased for lower seat positions during push
phases.

The increase in muscle activation does not only contribute to an
increase in propulsion force, but also contributes to the stability of the
propulsion operation. In the other study, muscle co-contraction improved
the motion accuracy.” They assumed that although energetically
expensive, co-contraction might be a strategy used by the motor system
to facilitate multi-joint arm movement accuracy. In addition, co-
activation of antagonist muscles is readily observed early in motor
learning, in interactions with unstable mechanical environments and in
motor system pathologies.!® According to the elderly studies, the co-
contraction of the antagonist muscle for the elderly are frequently

found than that of the young one."" Son et al."

applied co-contraction
of the antagonist muscle and showed that co-contraction ratio (CR) of
the elderly decreased significantly in 4 weeks after upper arm elbow
robotic rehabilitation training. Therefore, evaluation of iEMG and co-
contraction of antagonist muscles are very important to determine the
efficiency and appropriateness of wheelchair propulsion.

Wheelchair standing devices is highly recommended to long-term
wheelchair users for improvement of their health problem,'*'* though
most of them cannot move in a standing posture because they have
similar hand rim and wheel structure like the traditional wheelchair.
Recently, a newly designed standing wheelchair has been developed to
move even while standing. Unlike the traditional wheelchair standing
devices, the manual standing wheelchair has hand rims separate from
the wheels, likely affecting the biomechanical characteristics of
propulsion. Considering that most wheelchair users are the elderly
patient as a result of sudden onset of disability (e.g., SCI, stroke),
gradual onset of progressive diseases (e.g., osteoarthritis, multiple

sclerosis), or loss of walking mobility,'*'¢

investigations regarding the
position of the hand rim with respect to the user on the propulsion
efficiency should be conducted to suggest an optimal riding position of
the manual standing wheelchair.

In this study, muscle activations of the upper-limb joints at nine
different positions were evaluated to determine an optimal position of
the hand rims with respect to the user during manual propulsion and
sitting/standing in the manual standing wheelchair. During the manual
propulsion, the upper-limb kinematics and muscle activations were
measured, thereby calculating iEMG and co-contraction of antagonist
muscles. The hypothesis of this study was that the optimal riding position
would have the smallest co-contraction of antagonist muscles during

manual propulsion in sitting and standing postures.

2. Methods

2.1 Experiment apparatus

Our brake-type dynamometer has been developed to measure the
torques and RPMs during the propulsion of various wheelchairs.® It
consists of two dynamometers for each wheel and two support frames
for the front and rear casters. Each dynamometer has a roller (200 x
400 mm, steel tubular), torque sensor (TMA-2KM, Setech Co., Ltd.,
KR) with an RPM sensor (MP-981, Setech Co., Ltd., KR), and powder
brake (PRB-1.2Y3, Pora electric machinery Co., Ltd., KR) connected

(b) Standing posture

(a) Sitting posture

Fig. 1 Experimental setup for the standing wheelchair prototype
installed on the brake-type dynamometer

in series, using shafts and bearings. Thus, it can measure both roller-axis
torque and RPMs generated by a wheel during the propulsion. Finally,
these can be used to determine the wheel-axis torque, RPM, and
propulsion tangential force.

The powder brake can control the roller-axis rolling resistance by
the voltage control knob. The minimum rolling resistance is 0 N-m at
0 V, and the maximum is 17 N'm at 24 V. In this study, the rolling
resistance was set at 0.55 N'm (at 3 V) because such setting best
simulated the laboratory floor (carpet) condition.

A prototype of the manual standing wheelchair (HANIL Hightech
Co., Ltd., KR) was installed on the dynamometer system (Fig. 1). The
manual standing wheelchair has two hand rims separated from each
wheel enabling their use in the standing position as well. The diameters
of the hand rim and wheel were 320 and 380 mm, respectively. The seat
was 380 mm wide and 400 mm deep. The seat’s backrest was 35.3 cm
behind and 3.2 cm below the hand rim center. The footrest was 92 cm
below the hand rim center. The initial positions of the seat and footrest
were defined as the original positions (middle-center). The dimensions
of the standing wheelchair were determined by the manufacturer

according to the anthropometric data of normal adults.

2.2 Experiment procedure

Ten elderly male subjects, who showed no sign of injury or
pathological diagnosis on their upper body, participated in this study
(Table 1). Prior to the experiment, all participants provided informed
written consent, which was approved by the Institutional Review Board
of Yonsei University (No. 1041849-201406-BM-029-01). Subject groups
had significant difference in height only. Seven spherical reflective
markers (14 mm in diameter) were attached to the subjects’ right upper
limb according to the Plug-In-Gait model (Oxford Metrics Ltd., UK).
Two additional markers were positioned at the rotation center of the
hand rim and the middle of the hand rim spoke to directly measure the
propulsion angles of the hand rim. Also, surface electromyography
(sEMG) signals were collected using an EMG measurement system
(Trigno™ wireless systems, Delsys Inc., USA). Eleven wireless
electrodes were attached on the right side of the trunk and the upper
extremity. The subjects were asked to sit on the standing wheelchair,

leaning back on the backrest and to familiarize themselves with the
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Table 1 Subject characteristics (mean + SD)

Characteristics Sholr\]t;gsroup Talll\]irso up p-value*
Age (yr) 76.4+1.9 754+29 0.538
Mass (kg) 55.9+10.2 66.0+£9.1 0.138
Height (cm) 160.2+2.9 166.6 £ 1.6 0.003

*Unpaired #-test, significant difference between groups (p < 0.05)

Table 2 Muscle names and their abbreviations

Muscle name Abbreviation

Deltoid Anterior DA
Pectoralis Major PM
Biceps Brachii BB
Serratus Anterior SA
Forearm Flexor FF
Trapezius Descendens D
Trapezius Transversus T
Deltoid Posterior DP

Infraspinatus IS

Triceps Brachii B
Forearm Extensor FE
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(a) Sitting posture (b) Standing posture

Fig. 2 Distance between the hand and hand rim: Nine positions in the
sitting and standing posture

propulsion of the standing wheelchair for 2-3 minutes. Thereafter, they
were instructed to propel the hand rims with different seat and footrest
positions at their self-selected speed.

To determine the relative position of the hand rim, nine different
positions were chosen as follows: the neutral position (middle-center,
MC); 6 cm forward from MC (middle-forward, MF); 6 cm backward
from MC (middle-backward, MB); 6 cm upward from MC (up-center,
UC); 6 cm forward from UC (up-forward, UF); 6 cm backward from
UC (up-backward, UB); 6 cm downward from MC (down-center, DC);
6 cm forward from DC (down-forward, DF); and 6 cm backward from
DC (down-backward, DB) as shown in Fig. 2. The subjects propelled
ten consecutive cycles for each position assigned randomly. Kotajarvi

etal.'®

reported no significant difference in wheelchair propulsion among
different hand-rim positions distant 3.3-4 cm apart. Therefore, the
distance of different ride positions was set by 6¢cm apart in this study.

During the experiments, the marker trajectories were recorded at

200 Hz, using a 3D motion capture system (Vicon MX system, Vicon

Top dead center
Early propulsion angle (TDC)

(EP) Late propulsion angle

Contact ——

Fig. 3 Definition of a propulsion cycle

Motion System Ltd., UK). In addition, the analog data measured from
the dynamometer were simultaneously obtained at 1 kHz, using an
analog sync box (Vicon MX system, Vicon Motion System Ltd., UK).
All raw sEMG signals from each muscle were simultaneously recorded
at a sampling rate 1 kHz (bandpass filtered from 5 to 450 Hz using a
4th order Butterworth filter) and low pass filtered with a cutoff
frequency of 4 Hz using a 4th order Butterworth filter to eliminate

ambient noise and smoothen the curve.

2.3 Data analysis

The kinematic and SEMG data were exported to MATLAB software
(MathWorks Inc., MA, USA) for analysis and post-processing. Three
different phases were defined in a propulsion cycle: the early push
phase (EP), the late push phase (LP), and the recovery phase (RP). EP
began from hand rim contact and finished before the hand passed the
top dead center (TDC) of the hand rim. LP began when the hand passed
the TDC and finished when the hand released the hand rim. RP was
defined as from releasing the hand rim to next gripping the hand rim.?

Propulsion angles of two push phases were determined using the
trajectory of two reflective markers attached on the hand rim. Mean
propulsion angle data were calculated from six propulsion cycles,
excluded for the first two and the last two cycles among ten propulsion
cycles. As shown in our previous study, the propulsion angle depends
on the riding position and directly affects the propulsion efficiency.’
Therefore, the mean propulsion angle was normalized by the one at the
neutral position (MC).

P4
PAR =5~

x100(%) (1)

MC

where PAR indicates the propulsion angle ratio and P4 and P4, indicate

the propulsion angle at each position and MC position, respectively.
Integrated EMG (iEMG) on each phase was determined by integrating

SEMG signal.

2
EMGpch e = | *SEMGdt @)
1

where ¢, represents the onset, #, the offset, and dr the time interval (i.e.,
0.001 s).

Thereafter iEMG values for all positions were normalized to the one
in MC position to compare a relative muscle activation among different
nine riding positions. In addition, iIEMG value were also normalized to
PAR of each position to compare a relative muscle activation per
equivalent propulsion angle.
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iEMG
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i Normal iE MG]\/[C x PAR

3)

To compare iEMG between groups, mean iEMGs were calculated
for subject groups and the co-contraction ratio (CR) was also calculated
within the groups.

ZIEMG 4,140,

CR=— -
) (IEMGAgo + lEMGAntago)

% 100(%) @)

where iIEMG 44, is the iIEMG of the agonist muscles and, iIEMG g, is
the iEMG of the antagonist muscles.

2.4 Statistical analysis

All statistical analyses were performed using the IBM SPSS Statistics
(Version 22, IBM Corp., USA). Repeated measures analysis of variance
was applied with the position of the hand rim as the main factor to detect
significant differences in the biomechanical variables. An unpaired t-test
was performed to compare the subject groups' characteristics. Based on
a significant level of p<0.05, post hoc analyses were conducted and
corrected for multiple comparisons using LSD tests. Greenhouse-
Geisser and Huynh-Feldt corrections were performed for the sphericity
of statistical analysis.

3. Results

3.1 Propulsion angle

Figs. 4 and 5 show the propulsion angle for EP, LP, RP in various
positions for short and tall subject groups. In sitting posture, for the
short group, the propulsion angle became minimal (44.0+9.8°) in UF
position and the maximal (56.0+10.2°) in UB position in EP. On the
other hand, the smallest propulsion angle during LP was 51.8+6.1° in
UB position and the largest was 93.2+7.3° in DF position. As a result,
the propulsion angle was the smallest (100.8+14.5°) in UC position and
the largest (140.3+17.3°) in DF position in the total push phase. For the
tall group, the propulsion angle became minimal (29.8+8.3°) in DF
position and the maximal (47.5+8.5°) in MB position in EP. On the
other hand, the smallest propulsion angle during LP was 52.0+13.0° in
UB position and the largest was 93.9+13.2° in DF position. As a result,
the propulsion angle was the smallest (96.8+£19.8°) in UB position and
the largest (125.4+£23.6°) in DC position in the total push phase. In
standing posture, for the short group, the propulsion angle became
minimal (48.0£16.3°) in UF position and the maximal (57.6+15.2°) in
UB position in EP. On the other hand, the smallest propulsion angle
during LP was 56.6£11.0° in UB position and the largest was 91.9+
13.8° in DF position. As a result, the propulsion angle was the smallest
(114.2+17.8°) in UB position and the largest (140.2+24.8°) in DF
position in the total push phase. For the tall group, the propulsion angle
became minimal (42.1£10.3°) in MF position and the maximal (57.6+
13.3°) in MB position in EP. On the other hand, the smallest propulsion
angle during LP was 55.0+10.6° in UB position and the largest was
91.7+£26.3° in DF position. As a result, the propulsion angle was the
smallest (108.6+£19.8°) in UB position and the largest (135.8+38.5°) in
DF position in the total push phase.

The short subject group showed a significantly larger propulsion
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Fig. 4 Propulsion angle at various positions in sitting posture for short
and tall subject groups
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Fig. 5 Propulsion angle at various positions in standing posture for
short and tall subject groups

angles than the tall subject group in EP for sitting and standing posture
(»<0.05). The propulsion angles in downward positions were also
significantly larger than the ones in upward positions during total push
phase in sitting and during LP and total push phases in standing postures
(p<0.05). Propulsion angles in forward positions were also significantly
larger than the ones in backward positions during total push phase in
sitting and during LP in standing postures (p<0.05).

3.2 Propulsion time

Figs. 6 and 7 show the propulsion time for EP, LP, RP in various
positions for short and tall subject groups.

In the short group, EP was longer than LP in all positions for the
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Fig. 6 Cycle percentage at various positions in sitting posture for

short and tall subject groups

Table 3 Propulsion time (mean + SD, %cycle)
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Fig. 7 Cycle percentage at various positions in standing posture for
short and tall subject groups

Phase Early push time (ET) Late push time (LT) Recovery time (RT)
Posture Avg. S.D. Avg. S.D. Avg. S.D.
Sit Short 22.5 2.1 16.6 1.8 60.9 2.6
Tall 21.1 2.3 20.2 3.6 58.7 2.1
Stand Short 22.1 1.5 18.0 2.0 59.9 1.6
Tall 23.1 2.1 20.8 2.8 56.1 1.7

both sitting and standing postures. However, for sitting posture, LP in
downward position was longer than EP in the tall subject group.
Regardless of the subject groups and riding postures, EP time became
gradually decreased from the backward to the forward positions,
whereas LP time became gradually increased from the backward to the
forward positions. Mean time was 22.2%, 18.9%, and 58.9% for EP, LP,
RP, respectively (Table 3).

However, the statistical analysis showed no significant differences
between groups in all conditions. In sitting posture, EP time in middle
and downward positions showed significantly longer time in backward
position than the ones in forward position (p<0.05). There were some
significant differences between positions, but no trends were found in
standing posture. LP time in DF position showed significantly longer
than the ones in all other positions in sitting position (p<0.05).

In standing posture, LP time in UB position showed significantly
shorter time than the ones in all other positions except the one in MB
position (p<0.05). Also, LP time in upward and middle positions showed
significantly shorter time in backward position than the ones in forward
position (p<0.05). RP time in upward positions showed significantly
longer time than the ones in downward positions in sitting posture (p<
0.05) and RP time in UB position was significantly longer than the ones
in all other positions except the one in UF position (p<0.05).

3.3 Normalized iEMG

Table 4 and 5 show the normalized muscle activation by the value

at MC position during EP for short and tall subject group. In sitting
posture, relatively large muscle activations were observed in TD and
TT muscles at DF position for short subject group and DA, BB, TD,
DP, TB, and FE muscles at DB position for tall subject group. In
standing posture, SA and TB muscles showed relatively large muscle
activations in DB position for short subject group and DA, SA, DP, TB,
and FE muscles showed relatively large muscle activations in DB
position. In addition, DA, BB, SA, IS, and TB muscles showed larger
muscle activations in backward positions than in forward positions in
both sitting and standing postures.

Table 6 and 7 show the normalized muscle activation by the value
at MC position during LP for short and tall subject group. In sitting
posture, relatively large muscle activation was observed in TD muscle
at DC and DF position for short subject group. For tall subject group,
relatively large muscle activations were observed in DA, SA, IS, TB,
and FE muscles at UB position. TD muscle showed relatively large
muscle activation in downward positions. On the other hand, in
standing posture, SA and TB muscles showed relatively large muscle
activations in DB position for short subject group. Also, IS and TB
muscles showed relatively large muscle activations in backward
positions than forward positions in standing postures. For tall subject
group, IS muscle showed drastically large muscle activation in DF
position. DA, SA, and IS muscles also showed relatively large muscle
activations in backward positions than forward positions in both sitting
and standing postures.
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Table 4 Normalized iEMG in sitting during early push phase (%iEMG at MC position)
(a) Short subjects

Position DA PM BB SA FF TD TT DP IS B FE
UB 103.8 68.5 116.1 119.6 93.6 80.4 88.7 98.4 125.9 74.5 100.9
ucC 112.0 112.5 100.0 1194 125.2 84.6 110.1 111.6 1232 104.9 122.5
UF 106.7 112.2 89.8 108.0 119.5 88.9 111.5 103.0 115.9 86.5 119.9
MB 102.5 91.9 97.0 102.9 111.8 85.6 102.1 96.0 118.2 104.0 90.4
MC 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
MF 111.5 112.6 100.9 100.8 96.1 125.0 124.0 84.1 101.7 78.6 103.1
DB 119.3 113.0 107.6 103.9 104.1 141.6 94.1 193.2 1153 131.0 117.8
DC 125.6 1243 101.6 91.4 114.4 178.6 106.7 146.4 94.6 122.7 98.5
DF 140.6 152.9 129.6 104.7 122.1 238.1 191.3 174.2 87.3 132.6 99.0

(b) Tall subjects

Position DA PM BB SA FF TD TT DP IS TB FE
UB 109.0 76.5 115.9 125.6 80.9 102.3 110.0 112.3 148.0 92.9 106.5
ucC 105.6 122.9 114.6 102.0 86.3 87.6 110.7 97.4 126.1 88.4 1152
UF 96.3 104.2 99.4 83.1 78.2 84.5 124.8 106.4 94.2 75.9 119.2
MB 105.5 85.2 1144 132.7 95.1 99.8 89.6 103.5 134.2 105.3 110.8
MC 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
MF 95.4 118.2 109.7 87.3 88.3 99.1 121.8 119.0 79.5 94.7 119.0
DB 117.9 103.7 134.7 104.1 108.4 136.5 108.8 156.4 123.4 165.0 129.6
DC 97.7 117.0 1174 91.5 113.6 127.1 98.2 131.2 79.7 1534 122.2
DF 74.0 111.5 97.0 80.0 91.1 128.7 88.3 124.6 57.1 133.1 101.7

Table 5 Normalized iEMG in standing during early push phase (%iEMG at MC position)

(a) Short subjects

Position DA PM BB SA FF TD TT DP IS B FE
UB 102.1 74.9 96.2 101.7 89.7 69.6 93.1 96.1 118.1 106.1 104.0
ucC 106.3 107.7 89.0 100.9 112.4 75.5 1223 96.7 98.6 109.0 104.8
UF 100.8 121.2 85.5 101.3 105.7 84.5 129.2 104.4 81.1 95.2 97.1
MB 100.4 82.8 80.7 117.0 103.4 74.0 854 112.3 109.9 122.0 108.9
MC 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
MF 102.0 1172 97.9 103.5 99.8 101.5 118.0 132.9 84.2 97.9 94.0
DB 107.3 100.7 82.1 207.3 97.7 80.6 80.8 138.7 122.1 210.2 124.1
DC 100.8 120.0 101.1 134.4 104.9 112.8 106.4 145.8 103.5 172.1 112.8
DF 100.1 130.6 99.6 1332 114.7 123.4 120.1 157.2 84.5 139.7 94.2

(b) Tall subjects

Position DA PM BB SA FF TD TT DP IS TB FE
UB 106.6 90.8 102.7 115.5 95.4 82.7 84.0 822 128.0 110.8 76.7
ucC 95.6 107.2 104.8 95.0 85.8 70.5 82.0 72.6 90.3 93.1 94.9
UF 90.3 111.8 80.4 94.1 110.2 79.4 83.7 822 80.1 83.0 81.2
MB 112.3 81.9 122.1 127.6 106.4 98.5 90.6 88.3 146.3 107.2 125.5
MC 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
MF 87.3 107.1 86.8 108.7 98.2 94.2 824 74.1 69.5 88.8 69.7
DB 121.3 81.3 1134 142.5 107.8 120.2 70.8 106.3 118.7 137.2 139.8
DC 108.4 108.6 102.7 1152 105.1 1233 93.7 100.5 97.9 136.6 88.3
DF 109.4 123.4 93.7 115.0 115.6 123.1 98.4 79.8 76.4 116.9 85.6

3.4 Co-contraction ratio of normalized iEMG

Muscle co-contraction ratio (CR) was different depending on subject
groups and propulsion phases in sitting posture (Fig. 8). During EP, CR
of the short group was the smallest (96%) at DC position and the largest
(104%) at UB and DB positions. On the other hand, the tall group
showed the smallest CR (98%) at DF position and the largest(106%) at
UB position. It is noted that both groups tended to show decreased CR
as moving forward or downward from MC position. During LP, CR of
the short group was the smallest (85%) at DC position and the largest
(104%) at MB position. The tall group showed the smallest CR (91%)

at DF position and the largest (105%) at MF position. It is interesting
that both groups showed larger CR at middle positions and smaller CR
at downward positions.

In standing posture (Fig. 9), during EP, CR of the short group was
the smallest (98%) at DB position and the largest (105%) at UB position.
On the other hand, the tall group showed the smallest CR (90%) at DF
position and the largest (101%) at MB position. It is noted that both
groups tended to show decreased CR as moving forward or downward
from MC position. During LP, CR of the short group was the smallest
(92%) at DF position and the largest (108%) at UB position. The tall
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Table 6 Normalized iIEMG in sitting during late push phase (%iEMG at MC position)
(a) Short subjects

Position DA PM BB SA FF TD TT DP IS TB FE
UB 108.7 73.7 108.1 129.7 114.1 111.8 100.4 115.9 1313 102.4 98.5
ucC 99.4 106.9 118.5 130.5 127.9 115.8 136.2 114.7 110.2 113.7 120.1
UF 103.0 1144 117.8 1323 1423 167.0 143.2 115.0 99.9 113.9 107.6
MB 97.0 86.4 101.5 95.3 93.3 92.6 109.3 94.1 124.2 91.3 93.6
MC 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
MF 89.3 108.6 97.3 109.3 111.8 118.7 129.2 103.2 69.3 98.2 81.6
DB 91.3 79.8 116.0 70.7 76.9 134.8 93.7 94.4 75.4 80.8 87.8
DC 93.5 99.3 90.5 68.1 93.6 240.4 111.2 75.6 61.7 722 71.2
DF 91.7 131.5 90.0 71.6 95.9 184.7 122.3 83.6 58.9 69.0 73.7

(b) Tall subjects

Position DA PM BB SA FF TD TT DP IS TB FE
UB 154.2 87.5 100.3 130.0 107.1 115.5 95.0 127.0 1522 108.1 1333
ucC 108.6 112.3 101.9 108.4 106.3 89.2 76.5 110.6 112.4 100.0 126.6
UF 112.5 116.3 106.9 101.0 103.2 89.4 86.0 114.0 93.9 97.1 99.2
MB 121.5 88.0 88.0 124.6 110.4 106.8 79.2 96.9 117.8 101.6 95.9
MC 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
MF 91.3 106.2 99.7 91.9 95.1 103.6 150.3 104.1 91.5 99.5 97.1
DB 111.6 65.7 105.5 94.0 112.0 164.6 94.1 1114 134.2 77.5 89.0
DC 91.0 80.7 93.7 78.2 132.3 136.1 94.1 99.0 99.1 99.1 82.0
DF 81.7 102.4 87.8 75.9 96.6 199.9 100.2 91.3 79.8 85.2 78.6

Table 7 Normalized iEMG in standing during late push phase (%iEMG at MC position)
(a) Short subjects

Position DA PM BB SA FF TD TT DP IS TB FE
UB 113.3 79.1 102.4 110.6 95.2 66.4 97.0 135.2 122.0 121.7 100.2
ucC 105.0 97.8 98.0 101.4 100.9 72.4 96.1 93.9 108.4 102.3 89.0
UF 109.6 128.0 109.7 113.6 95.0 76.8 82.6 91.8 89.8 116.1 91.7
MB 100.7 80.0 99.4 104.1 95.6 72.6 97.5 115.3 112.9 1374 99.0
MC 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
MF 1132 119.1 98.9 102.7 86.7 111.7 94.9 94.4 88.6 111.6 98.2
DB 94.4 89.5 113.8 150.7 108.8 96.4 99.1 127.9 102.0 146.2 94.5
DC 87.1 96.3 103.2 116.9 97.7 119.6 94.2 104.7 96.3 106.8 93.3
DF 94.3 127.4 102.5 116.1 103.7 148.5 104.1 95.8 86.1 89.8 82.1

(b) Tall subjects

Position DA PM BB SA FF TD TT DP IS TB FE
UB 1333 105.9 105.2 124.9 115.2 84.5 100.0 104.2 139.6 124.9 140.4
ucC 108.2 121.6 101.7 121.8 102.2 83.7 89.0 104.2 102.5 120.1 1154
UF 85.7 107.4 94.6 95.1 118.0 83.2 90.9 90.4 81.1 98.3 120.0
MB 125.4 82.0 100.6 122.6 113.2 98.6 117.7 105.6 1452 106.2 125.2
MC 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
MF 93.3 91.8 100.3 107.9 107.5 113.0 86.5 84.8 156.0 104.7 99.8
DB 126.4 78.9 121.2 118.5 121.5 129.5 102.2 112.7 116.5 90.5 123.0
DC 109.5 83.5 101.7 103.2 121.3 132.6 100.4 90.2 112.0 82.6 102.7
DF 99.8 85.3 97.0 99.8 105.3 169.5 90.3 79.1 223.8 81.1 90.6

group showed the smallest CR (97%) at UC position and the largest
(104%) at MB position. It is noted that short group tended to show
decreased CR as moving forward or downward from MC position and
tall group showed the smallest CR at MC position.

4. Discussion and Conclusions

In this study, iEMG and muscle co-contraction were evaluated to
determine the optimal riding position of the newly-designed manual

standing wheelchair to ride even in standing posture as well as in sitting
posture. To investigate how muscle activation was affected by the
changes in various riding positions of the manual standing wheelchair,
propulsion angle and timing were also analyzed to normalize iEMG data.

In most previous studies on the wheelchair propulsion, the propulsion
phase was divided into only push and recovery phases. However, Louis
et al.® divided the push phase into EP and LP for the more detailed
analysis. As a result, they found propulsion time and muscle activation
differences between the paraplegic group and the able-bodied group. In

the present study, the propulsion cycle was defined as three different
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Fig. 8 Muscle co-contraction on propulsion phases in sitting posture
for short and tall subject groups, (a) early push time (b) late

push time

phases: EP, LP and RP. The time before and after when the hand passed
the top dead center (TDC) on the hand rim is EP and LP.

4.1 Propulsion angle

Regardless of the subject groups and riding postures, the propulsion
angles during EP gradually decreased as the body moved from backward
to forward position. On the other hand, during LP, they gradually
increased as the body moved from backward to forward positions. The
propulsion angles during EP and LP also gradually increased as the
body moved from backward to forward position for both groups. The
propulsion angles of push phases gradually increased as the body moved
from upward to downward positions for both groups. Especially, the
propulsion angle during EP was larger than the one during LP only in
UC position. As a result, the propulsion angle during EP and LP at UB
position was larger than the one at UC position.

These results showed a good similarity with the results of the

previous studies. Gorce et al.'’

showed that the propulsion angle
decreased as the seat height increased and the body moved forward in
typical wheelchair. Korajarvi et al.'® also showed that the propulsion
angles were the largest at the low seat height positions. Other previous
studies showed the same results.>” Therefore, the elderly individuals
had better sit close to the hand rim to ensure the sufficient propulsion

angle in a manual standing wheelchair.

4.2 Propulsion time

Propulsion time during EP, LP, and RP were similar in the short and
the tall groups. Propulsion time needs to be compared with the
propulsion angle. As showed in table 3, the mean propulsion time for
EP, LP, RP were 22.2% (0.29 secs), 18.9% (0.24 secs), and 58.9% (0.76

=
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Fig. 9 Muscle co-contraction on propulsion phases in standing posture
for short and tall subject groups, (a) early push time (b) late

push time

secs), respectively (Table 3). However, Mean propulsion angles during
EP and LP were 48.1° and 72.9°, respectively. It means that angular
velocities of the hand rim were 167.4°/s during EP and 305.9°/s during
LP, respectively. Angular velocity is almost twice during LP, compare
with during EP. Regarding the propulsion time, propulsion efficiency
during LP was better than that during EP. Its reason is that the rotational
speed of the hand rim greatly decreased during RP.

Louis et al.® performed wheelchair riding experiments on the
paraplegic group and the able-bodied group and reported that EP time
for the paraplegic group became significantly longer than the one for
the able-bodied group in spite of no significant difference in push time
over a full propulsion cycle. However, this was due to the difference in
the experience level and the propulsion pattern between the two groups.
The propulsion angle of the experts (paraplegic group) was significantly
larger than that of the beginners (able-bodied). In addition, all beginners
rode using arcing pattern, whereas the experts mostly used semi-circular

or single-looping pattern.®'8

4.3 iEMG and muscle co-contraction

In this study, SEMG signals were measured in eleven muscles on the
right side of the trunk and the upper extremity to evaluate their
activations at nine different positions in sitting and standing postures.

It is very important to investigate muscle activities during wheelchair
propulsion, because muscle activity is related to the energy expenditure.
Some studies showed that energy expenditures had a linear relationship
with ITEMG.>!" Some researchers performed experimental studies to
find the relationship between EMG and seat position and reported that
muscle activation increased for lower seat positions during push
phases.® Masse et al.” also investigated propulsion patterns and EMG
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for five male paraplegic patients in six different seat positions. They
concluded that the backward-low position had the overall lowest IEMG
and demonstrated a smoother motion of the elbow and forearm. However,
their studies did not consider muscle co-contraction (the simultaneous
activation of antagonist muscles around a joint) depending on seat
positions.

It has been known in many previous studies that if the seat position
was close to the hand rim, muscle activation increased because the
propulsion angle and time increased. Increased muscle activation
contributes to not only increasing propulsion force, but also stabilizing
the propulsion operation. From Gribble's study,”” muscle co-contraction
improved motion accuracy. They assumed that although energetically
expensive, co-contraction would be a strategy used by the motor system
to facilitate multi-joint arm movement accuracy. They concluded that
increases in joint stiffness by muscle co-contraction would have a
beneficial effect on limb stability and hence movement accuracy by

20,21 and

reducing the perturbing effects of joint interaction torques
external forces.” In addition, co-activation of antagonist muscles is
readily observed early in motor learning, in interactions with unstable
mechanical environments and in motor system pathologies.!®? In this
study, the muscle co-contraction ratio (CR) was larger at positions
(upward and backward) distant from the hand rim and smaller at
positions (downward and forward) close to the hand rim. These results
indicate that increased distance from the hand rim reduces joint stability
and increases muscle co-contraction. On the other hand, decreased
distance from the hand rim enhances joint stability and decreases muscle
co-contraction.

As mentioned, when the propulsion operation is unstable, CR
increases and joint stability improved. However, as CR increases, energy
consumption increases and muscular fatigue easily occurs because of
increased muscle use. Thus, the riding positions with less CR are better
with regard to propulsion efficiency.

In another study, co-contraction of the antagonist muscle of the
elderly was frequently found than that of the young ones." Since the
muscle strength of the elderly decreased, the co-contraction of the
antagonist muscle increased in order to perform the stable propulsion
motion. Son et al.'? applied co-contraction of the antagonist muscle and
showed that co-contraction ratio (CR) of the elderly decreased
significantly in four weeks after upper arm elbow robotic rehabilitation
training. This means that as the muscle strength increases, joint stability
increases and muscle co-contraction decreases consequently. Therefore,
the optimal propulsion position of the manual standing wheelchair can
be considered where CR of muscle is relatively small.

In this study, subjects were grouped into two groups based on their
height only because arm length is generally proportional to height. As
shown in the results, the optimal riding position differs depending on
the subjects' heights. Short persons were more likely to be closer to the
hand rim than tall group, which is due to the effect of both height and
arm length. The optimal position for sitting and standing varied from
the subject group. The location of seat and the back support played an
important role in wheelchair riding with sitting posture, but the location
of the footrest and the back support with standing posture. Therefore,
the optimal riding position varies depending on the length of the arm
and the length of the upper body in sitting posture, but the leg length
also affects the optimal riding position in standing posture. Our study

suggested that the optimal position in standing posture for the short
group was closer to the hand rim than that in sitting posture, but the
optimal position in sitting posture for the tall group was farther away
from the hand rim than that in the standing posture.

Standing wheelchairs have been developed for the normal elderly
who have higher risks of injury due to the improper wheelchair
propulsion. Therefore, this study showed the method to determine the
optimal riding positions to reduce the risks of injury for the novice with
the efficient propulsion. In our previous study regarding the propulsion
energy expenditure during the manual standing wheelchair propulsion,’
the optimal position with the smallest propulsion energy expenditure
was located near downward-forward direction. The optimal position of
the short subject group was the closest position to the hand rim and the
optimal position of the tall subject group was slightly away from the
hand rim, but closer to MC position toward the hand rim. In this study,
the muscle co-contraction ratio was higher at positions (upward and
backward directions) distant from the hand rim and lower at positions
(downward and forward directions) close to the hand rim. These results
indicate that increased distance from the hand rim reduces joint stability
and increases muscle co-contraction. On the other hand, decreased
distance from the hand rim enhances joint stability and decreases muscle
co-contraction. The evaluation results of energy expenditure and muscle
co-contraction showed a good similarity. We believe that these methods
and results will be helpful in assessing the adequacy of the riding
position of various types of wheelchair.

4.4 Limitations of the study
The measured data of this study were obtained using a wheelchair
dynamometer; therefore, the results could be different with a level

surface. However, Koontz et al.*

reported that there was a high positive
correlation between the biomechanical parameters measured from a
level surface and a dynamometer. Therefore, they concluded that both

conditions have similar propulsion mechanisms.
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