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Biomechanical evaluation of swing-through crutch gait
in patients with lower extremity injury
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Purpose: The main purpose was to determine the values of spatio-temporal parameters and ground reaction forces during the swing-
through crutch gait. Methods: Eighteen male patients with unilateral injury within the foot, ankle or shank (age: 25.4 + 7.7 years, body
height: 1.79 + 0.06 m, body mass: 76.1 + 11.5 kg) participated in the study. In the experiment, 6-camera optoelectronic motion capture
system and force platform were used. The measurements of spatio-temporal parameters and ground reaction force (GRF) were performed
for uninjured lower extremity (ULE), crutch on the ULE side (CrU) and crutch on the injured lower extremity side (Crl). Results: Analy-
sis demonstrated a significantly longer stance phase and a significantly shorter swing phase for ULE than crutches (p < 0.05), and
a significantly longer first, compared to the second, double support phase (p < 0.05). Comparisons showed also significantly higher
maximum values of the vertical GRF and extreme values of the horizontal antero-posterior GRF for ULE than crutches (p < 0.05) as
well as for Crl than CrU (p < 0.05). Conclusions: The present study provides biomechanical data related to the spatio-temporal parame-

ters and GRFs for the swing-through crutch gait in patients with the lower extremity injuries.
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1. Introduction

Swing-through gait is a symmetrical crutch gait
characterized by alternating support first on the crutches
and then on the feet [4], [18]. This gait type includes,
successively, such phases as: the first double support
(both crutches before the feet), crutch stance and lower
extremity swing, the second double support (both
crutches behind the feet), and crutch swing and lower
extremity stance [4], [6]. Swing-through gait demands
endurance and high muscles strength of upper ex-
tremities and trunk as well as good sense of balance
[1], [4], [18], [20]. Long-term usage of this crutch gait
can strengthen the muscles but it may also lead to
overloads and injuries in upper extremities’ joints or
other structures [2].

Swing-through gait is used mainly by people after
lower extremity (LE) amputation or paralysis, big plas-
ter cast, and whenever weight bearing on injured LE is
contraindicated [14]. Patients with LE injuries often
choose this crutch gait due to the relatively high
movement velocity. However, they has to adopt to
unusual movement patterns and loads being trans-
ferred by carrying all body weight on arms, resigning
from alternate pelvic movements [1], [2], [20].

Among the different types of crutch gait, during
the swing-through gait the greatest loads are gener-
ated, originating from initial contact of the heel with
the ground and swinging movement of the body sup-
ported on crutches [4], [9]. Several studies analysed
external loads based on the values of the vertical
ground reaction force (GRF) in healthy people simu-
lating this type of gait [4], [6], [9], [12], [17]. Com-
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pared to the normal gait, Dworak et al. [4], Goh et al.
[6], Nowotny-Czupryna [12] and Stallard et al. [17]
found a higher maximal vertical GRF acting on the
LE during swing-through gait.

Some investigators analysed temporal parameters
for the swing-through gait. Goh et al. [6] reported tem-
poral gait data for the stance phase and swing phase in
healthy physical therapists who simulated swing-through
axillary crutch gait. In turn, Rovick and Childress [13]
determined magnitude of the baseline temporal pa-
rameters such as average velocity and relative time of
the swing-through forearm crutch gait in one patient
with spinal cord injury.

Previous available studies related to the swing-
-through gait mainly include individuals simulating this
crutch gait. However, especially important is the com-
parative biomechanical analysis of the swing-through
gait in injured people. Therefore, the main purpose
of the study was to determine the values of spatio-
-temporal parameters and GRF for lower extremity and
crutches during the swing-through crutch gait in pa-
tients with unilateral injury of the distal part of LE.

2. Materials and methods

2.1. Participants

A total of 18 male patients with unilateral injury in
foot, ankle or shank area participated in the study.

Characteristics of the patients are presented in Table 1.
Moreover, inclusion criteria were as follows: male,
unilateral injury of distal part of LE, no other comor-
bidities, no serious orthopedic problems in medical
history, fluent crutch walk. The patients also com-
pleted a questionnaire about causes of trauma, their
experience with crutches and ailments resulting from
this type of locomotion.

Table 1. Characteristics of the patients (mean + SD)

Characteristic Mean + SD
Age [years] 254+7.7
Body height [m] 1.79 £ 0.06
Body mass [kg] 76.1 £11.5
BMI [kg'm™] 23.7+2.7
Crutches [days] 23.0+16.5

BMI - body mass index, SD — standard
deviation.

2.2. Data collection

The experimental protocol assumed: repetitive self-
-selected and comparable walking velocity, painless
walking, central set of supporting LE or one of the
crutches on the force platform, assumption that the
movement of upper extremities with crutches was
perfectly synchronized motion. The measurements of
the kinematic parameters and ground reaction force
(GRF) during the swing-through crutch gait were per-
formed for uninjured lower extremity (ULE) and

Fig. 1. The 27-markers biomechanical model during the swing-through gait of patient: (a) frontal plane, (b) sagittal plane
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crutches on the ULE side (CrU) and injured lower
extremity (ILE) side (Crl). The swing-through crutch
gait cycle (GC) was determined from the first to the
second crutch strike and included successively the
phases: (1) first double support of the crutches and
ULE (crutches before the foot), (2) crutch stance and
ULE swing, (3) second double support of the crutches
and ULE (crutches behind the foot), and (4) crutch
swing and ULE stance.

The 6-camera motion capture system 200 Hz
(Smart-D, BTS Bioengineering, Milan, Italy) syn-
chronized with one stationary force platform 800 Hz
(BP400600, AMTI, Massachusetts, USA) were used.
The values of the kinematic parameters and vertical
component (v), horizontal antero-posterior component
(y) and horizontal latero-medial component (x) of GRF
were collected using the BTS Smart Capture. Accord-
ing to Helen-Hayes Davis protocol, 27 special spherical
markers (diameter of 20 mm) reflecting infrared rays
were placed within the pelvic girdle and lower ex-
tremities [3], [19]. Simple Davis protocol has been
extended by 10 real markers placed on the crutches
(5 on the CrU and 5 on the Crl) to analyse the dis-
placements and the gait cycle phases (Fig. 1). Markers
were tracked using the BTS Smart Tracker software.

Testing was preceded by several trials of the swing-
through gait on the measurement path to familiarize
the participant with the experimental procedures. The
measuring session consisted of the three series: the
first series (ULE on the platform), the second series
(CrU on the platform) and the third series (Crl on the
platform), respectively. Each patient performed a dozen
trials, however, for further analysis were taken data
from 3 trials for ULE, 3 trials for CrU and 3 trials for
Crl. Data were analysed using the BTS Smart Ana-
lyzer software.

2.3. Data analysis

The analysis included a) spatio-temporal parame-
ters: stride length (/) between the first and second
crutch strike, gait velocity (v) for stride length, width
between the crutches (w), stance phase time (Zg),
swing phase time (¢s,), first double support phase time
(tpp1) between the crutch strike and toe-off, second
double support phase time (Zp,;) between the heel
strike and crutch-off, b) time to maximum vGRF
(tvorr) and maximal values of the vGRF, yGRF and
XGRF for ULE and for crutches. The GRFs values
were normalized to patients body weight (BW) and
100 % of GC. Results of these variables for 54 trials
were submitted to the further analysis.

2.4. Statistical analysis

Statistical analysis was performed using the Statis-
tica 13.1 software (Statsoft Inc., Tulsa, Oklahoma, USA).
Mean =+ standard deviation of the analysed variables
were calculated. The distribution of the data was verified
via the Shapiro—Wilk test. The paired samples #-test and
non-parametric Wilcoxon signed-rank test were used for
the comparisons between the phases, between the
crutches, and between LE and crutches. Statistical sig-
nificance for all analyses was defined by p < 0.05.

3. Results

3.1. Survey

The survey showed that every participant was freely
walking using the swing-through gait for minimum
7 days before participating in laboratory measurements.
A significant proportion of participants (12 patients)
suffered from ankle injury. Most of the injuries were
the result of physical activity (15 patients) or accidental
falls (3 patients). As many as 16 of subjects complained
about hands and wrists soreness. They suffered from
the shoulder girdle and free LE aches especially after
passing a greater distance. In addition, they reported
pain in the back and hip region — on the ULE side.

3.2. Spatio-temporal parameters

The values of spatio-temporal parameters for the
swing-through crutch gait are presented in Table 2
(I, v, w) and in Fig. 2a (¢s, tsw, tpp1 and tp,y). Analysis
showed a significantly longer stance phase for ULE
(69% of GC) than crutches (55% of GC) and a signifi-
cantly shorter swing phase for ULE (31% of GC) than
crutches (45% of GC) (p < 0.05). In addition, signifi-
cantly longer the #p,; (13% of GC) than the #pp, (8%
of GC) were found (p < 0.05).

Table 2. The values of selected spatio-temporal parameters

(mean + SD)
Variable Mean + SD
I [m] 120+0.11
v[ms '] 0.78 £0.10
w [m] 0.8+0.1

SD — standard deviation, GC — swing-through
gait cycle, / — stride length, v — gait velocity,
w — width between the crutches.
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Fig. 2. Results of: a) time of the stance phase (St) and swing phase (Sw) for the uninjured lower extremity (ULE)
and crutches (Crs), and 1st and 2nd double support phase (Db), b) time to develop maximal vGRF
during the swing-through gait cycle (GC) for ULE, crutch on the ULE side (CrU) and crutch on the ILE side (CrI):
(a) significance between the lower extremity and crutches (Wilcoxon test, p < 0.05),
(b) significance between the double support phases (Wilcoxon test, p < 0.05)

3.3. Ground reaction forces the yGRF for the ULE than crutches as well as for the

Crl than CrU (p < 0.05). In the case of maximal

xGRF, no significant differences between the ULE

The GRF vs. GC curves for ULE, CrU and Crl and crutches independently (p = 0.134) and between

during the swing-through crutch gait are shown in Fig. 3. the CrU and Crl (p = 0.206) as well as significantly

The values of the vVGRF, yGRF and xGRF for lower higher summed values for both crutches compared

extremity and crutches are presented in Table 3. The to the ULE were found. Moreover, maximum values

analysis demonstrated significantly higher maximum of the vGRF were obtained after a longer #,6rr for
values of the vGRF and yGRF, and minimum values of CrU and CrlI than for ULE (p < 0.05) (Fig. 2b).
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Fig. 3. Curves of the vGRF (vertical ground reaction force) ((a), (b), (c)), yGRF (horizontal antero-posterior component
of ground reaction force) ((d), (e), (f)) and xGRF (horizontal latero-medial component of ground reaction force) ((g), (h), (1))
vs. swing-through crutch gait cycle (GC) during a representative trial
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Table 3. Mean + SD of GRFs during swing-through crutch gait and p-values

Lower extremity Crutches p-values
Variable ULE cru crl ng{JE o C[j[I}EVCSrI CrU vs. Crl
Max. vGRF [BW] 1.17+0.11 049+0.04 | 0.52+0.03 <0.05°? <0.05°? 0.098
Min. yGRF [BW] 0.19 +0.05 0.04+0.01 | 0.05=+0.02 <0.05*° <0.05*° <0.05°
Max. yGRF [BW] 0.17 £ 0.04 0.04+0.01 | 0.05+0.02 <0.05° <0.05° <0.05°
Max. xGRF [BW] 0.04 +0.01 0.04 +£0.01 0.04 +0.01 0.134 <0.05* 0.206

SD — standard deviation, max vGRF — maximum value of the vertical ground reaction force, min yGRF — minimum value of the
horizontal antero-posterior component of ground reaction force, max yGRF — maximum value of the horizontal antero-posterior
component of ground reaction force, max xGRF — maximum value of the horizontal latero-medial component of ground reaction
force, ULE — uninvolved lower extremity, CrU — crutch on the uninjured lower extremity side, Crl — crutch on the injured lower
extremity side, * — significance between the lower extremity and crutches (¢-test, p < 0.05), © — significance between the crutches

(¢-test, p < 0.05).

4. Discussion

The present study determined the values of se-
lected biomechanical parameters during the swing-
through crutch gait in patients with the lower extrem-
ity injury. The analysis demonstrated that durations of
the stance and swing phases varied considerably be-
tween the ULE and crutches. The stance phase lasted
much longer for ULE (69% of GC) than for crutches
(55% of GC), whereas time of the swing phase was
significantly shorter for ULE (31% of GC) than for
crutches (45% of GC). This trend for the swing-through
gait can be associated with the greater certainty, sta-
bility and less effort of patients during stance on ULE
than during the support on crutches. Compared to the
normal gait data [19], these findings indicated a longer
stance phase (by approx. 9%) and a shorter swing
phase (by approx. 9%). Considering the swing-
-through gait, Rovick and Childress [13] reported
52% of GC (stance phase) and 48% of GC (swing
phase) in paraplegic subject. In turn, results of Goh
et al. [6] showed 72% of GC (stance phase) and 28%
of GC (swing phase) for the simulated swing-through
axillary gait.

The relatively long time of stance phase has con-
tributed to lowering of velocity of subjects. The slower
gait may be caused by the natural increased care of
patients after injury compared to the individuals simu-
lating the swing-through gait [6], [12], [16]. In regard
to the normal gait, the swing-through gait in patients can
be considered slow [10]. Furthermore, the higher aver-
age velocity was registered by Rovick and Childress
[13] (0.9 m's ") and Stallard et al. [17] (1.44 m's ") for
the swing-through gait.

The study also demonstrated that time of the first
double support was significantly longer than the sec-
ond double support (by approx. 38 %). The difference

between both phases is related to the observation that
foot detachment comes no sooner than the crutches
were stabilized which required longer time. In com-
parison, results of the first double support phase time
(12% of GC) and the second double support phase
time (10% of GC) reported by Rovick and Childress
[13] showed a smaller difference (approx. 17%). In
contrast, Stallard et al. [17] obtained shorter time of
the first double support phase time (6.9% of GC) and
the second double-support phase (3.6% of GC), and
a greater difference (approx. 48%).

The ULE loading determined by the maximal vGRF
(1.17 BW) does not exceed the normative maximal
vGRF values for normal gait [5], [7], [11], [19], [22].
This study included only patients with actual LE in-
jury, therefore amortization, slower gait and increased
caution resulted in lower vGRF. Other investigations
revealed higher vGRF values for the LE, i.e., 1.28 BW
[6] and 1.32 BW [17], however, in people simulating
the swing-through gait. In turn, lower vGRF values
were registered during the three-point crutch gait in-
volved patients after total hip arthroplasty (1.04 BW
for mid stance and 1.08 BW for terminal stance) [8].
In the case of the horizontal antero-posterior GRF,
similar results of the yGRF between the swing-through
crutch gait and normal gait were observed [15], [22].
Furthermore, Stallard et al. [17] found greater yGRF
values (0.27 BW — braking peak and 0.35 BW — pro-
pulsive peak) compared to the normal gait. In addi-
tion, it’s worth adding that Westerhoff et al. [21] ex-
amined joint loads during crutch-assisted walking in
six patients with osteoarthritis of the shoulder and func-
tional rotator cuff and received values of the shoulder
joint forces equal 0.97-1.72 BW (elbow crutches) and
0.80-1.28 BW (forearm crutches).

Comparable analysis demonstrated significantly
greater vGRF values for lower extremity than for
crutches independently (more than 50%) and simulta-
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neously (approx. 15%). Although, higher vGRF values
for both crutches were expected, the results revealed
increased external loads on the lower extremity during
the stance phase of swing-through gait. Considering
to the horizontal components, significantly greater
maximum and minimum yGRF values for ULE than
crutches and significantly lower xGRF values for ULE
compared to both crutches simultaneously were re-
corded. In turn, comparisons of the GRFs between the
crutches showed no significant differences in the
maximum vGRF and xGRF values (below 6%) and
significantly higher extreme yGRF values for Crl than
CrU (approx. 20%). However, the percentage differ-
ences in the extreme GRF values between the crutches
accounted for only approx. 1% of BW (horizontal)
and 3% of BW (vertical). The magnitude of horizontal
components of GRFs for crutches depends on the
angle of crutch inclination in the sagittal plane (yGRF)
and frontal plane (xGRF). In the case of vGRF, similar
force results for both crutches can be attributed to the
bilateral load pattern associated with the simultaneous
crutches pressure.

This study also compared time to maximum vGRF
values between the lower extremity and crutches. The
maximum vGRF for ULE was developed after a shorter
time (approx. 12% of GC) than for CrU (approx. 30%
of GC) and Crl (approx. 25% of GC). During the
crutch initial contact, inclination angle of crutch is
the smallest and in this phase the lowest vGRF val-
ues were recorded. Thus, the highest vGRF for CrU
was generated after a longer time compared to the
ULE until the inclination angle of crutch was close
to 90°.

5. Conclusions

Findings revealed significant differences in the time
of stance, swing and double support phases, as well as
vGRF and yGRF values. The vGRF results indicated
increased external loads for the lower extremity, com-
pared to crutches, and for the crutch on the injured
lower extremity, compared to the opposite crutch. In
addition, results of spatio-temporal and dynamic pa-
rameters were confronted to literature data for simulated
swing-through crutch gait and normal gait. Patients in
this study generated smaller vGRF for the lower ex-
tremity than participants simulating the swing-through
crutch gait. The analysis also showed a longer stance
phase and a shorter swing phase as well as lower
vGRF values for the uninjured lower extremity com-
pared to the normative data of normal gait. In sum-

mary, this study reported biomechanical data on the
spatio-temporal structure and loading pattern for the
swing-through crutch gait in patients with the lower
extremity injuries.
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