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 Background: Lower limb prosthetic alignment is a procedure mostly subjective. A prosthetic misaligned induces gait deviations and 
long-term joint diseases. The alignment effects for each lower limb and the stump stays uncertain. 
Research objective: To identify the effect of the transfemoral alignment prosthesis on ground reaction forces and thermal images of 
the residual limb. 
Methods: The effect of misalignment and nominal alignment was evaluated in sixteen transfemoral amputees. The nominal alignment 
was considered as the optimal alignment for each subject. Misalignment included random variations in the anterior-posterior and 
medial-lateral translation of the prosthetic foot and the angle of flexion-extension, abduction-adduction, and internal-external rotation 
of the socket and prosthetic foot. The control group consisted of fifteen non-amputee individuals. The ground reaction force 
parameters and stump temperature were analyzed for each alignment condition. The statistical analysis included the one-way 
ANOVA, Kruskal-Wallis, and multiple comparison tests. 
Results: The prosthesis did not produce statistically significant changes in the average temperature of residual limbs. However, the 
temperature distribution on the stump skin was different (P<0.05). The transfemoral prosthesis misalignment produced an irregular 
heat diffusion on the anterior, posterior, and lateral sides of the stump contour compared to the nominal alignment (P<0.05). The 
sound limb did not show differences between nominal alignments and misalignments for most ground reaction force parameters. For 
almost all GRF parameters, significant differences were observed for the prosthetic limb between misalignment and nominal 
alignment (P<0.001). The symmetry indices of ground reaction force parameters of transfemoral amputees did not show any kind of 
significant improvements after aligning the prosthesis nominally. 
Significance: The stump's temperature distribution and the ground reaction force findings for the prosthetic limb provide a better 
understanding of the alignment procedure of the transfemoral prosthesis and improve the amputees' compliance to the prosthesis. 

 

1. Introduction 

The alignment is an iterative procedure of prosthesis adjustment to provide static balance and dynamic function of amputees 
according to their biomechanical characteristics. The prosthetist's skills are crucial for a successful alignment; therefore, the 
optimum prosthetic alignment is achieved mainly by subjective judgments. A proper prosthesis fitting increases the adaptation of 
amputees to daily activities. Conversely, an inadequate prosthetic alignment is a common cause of an abnormal prosthetic gait. In 
addition, gait deviations lead to secondary musculoskeletal disorders such as stump pain, osteoarthritis, and low back pain [1]. 

Kinetic parameters such as the ground reaction force (GRF) and joint moments have been used to find the effects of misalignment 
on prosthetic gait. Van Velzen et al. [2] identified systematic effects in the medial-lateral GRF during terminal stance for varus and 
valgus or exo-rotation foot alignments. The effect of the translational alignment of prosthetic feet has also been evaluated for the 
standing and sitting trials [3]. The braking impulse was smaller on the prosthetic side and greater on the sound limb for anterior 
alignment compared to the posterior alignment. Pinzur et al. [4] evaluated the vertical ground reaction forces of transtibial amputees 
during gait trials. Authors suggested that prosthetic misalignments increase the loading on the contralateral limb and, in the same 
way, the stance phase time and vertical GRF peak were different between misalignments and nominal alignments. Zhang et al. [5] 
identified for transfemoral amputees an effect of the prosthetic misalignment in the intact hip and knee joint moments by following 
a within-subject analysis. In general, earlier studies have found a significant relationship between GRF parameters and prosthetic 
alignment conditions. 

Thermography has been used as a tool to evaluate the interactions of the stump-socket interface. Raggi et al. [6] proposed a 
protocol that integrated thermal imaging for the evaluation of the whole prosthetic setup, finding hot spot temperature differences 
according to the socket type. The temperature assessment of the interface between residual limb and liners of below-knee amputees 
was proposed in [7]. The thermography of the stump showed the presence of hot spots at the liner-stump interface during gait and 
standing trials. The hot spots increased 20% after walking with good inter-subject repeatability. On the same line, Živčák et al. [8] 
informed that the use of thermography is an appropriate method for a rapid diagnosis during design, manufacture, and application 
of the socket for transtibial amputees.  
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Thermal images have been used in the adaptation of lower limb prostheses and their effectiveness during prosthetic 
manufacturing has been confirmed; however, to the best of the authors' knowledge, thermography has not been used to assist the 
prosthetic alignment procedure. An incorrect prosthetic alignment produces an improper distribution of the socket-stump interface 
loads [9,10], leading to increased friction and stress on the interface, and later surface damage to the soft tissue [11]. As well as the 
change of the skin pressures produced by misalignments could affect muscles' blood perfusion [12], therefore, the use of thermal 
photos could help to find prosthetic alignment problems. 

Although earlier studies have supplied useful information to aid prosthetists during prosthetic alignment, the alignment procedure 
uncertainty and the amputees' gait compensation skill are still being challenged for qualitative gait assessment [13]. Therefore, new 
quantitative strategies for helping prosthetists during prosthetic alignment are needed. Considering the effectiveness of the ground 
reaction force to find issues associated with prosthetic misalignments and that the residual limb temperature changes while wearing 
the prosthesis, it is hypothesized that the quality of the prosthetic alignment can produce changes in the skin temperature of the 
residual limb, the ground reaction force, and the symmetry of the gait pattern. Therefore, this paper aims to use the ground reaction 
force parameters and thermal images of the residual limb to find the effect of misalignment and nominal alignment on the prosthetic 
gait of transfemoral amputees. 
 
2. Methods 

 
2.1. Subjects and experimental equipment 

The Ethics Committee of the Institute of Medical Research of the Universidad de Antioquia (Medellín, Colombia) approved 
this research study. The inclusion criteria of amputees were (1) unilateral transfemoral amputees, (2) a functional level higher than 
2 [14], and the control group included (3) ages over 18 years old, and (4) report not having any other disease. ¡Error! No se 
encuentra el origen de la referencia. details the information of the registered subjects. Mahavir Kmina artificial limb center in 
Medellín, Colombia, assembled all prostheses. Prosthetic devices included a quadrilateral socket, a suction suspension system, a 
ReMotion prosthetic knee (D-Rev V3, USA), and a Jaipur foot (BMVSS, Jaipur, India). Subjects did not use any interface like 
socks or liners.  

 The ground reaction force was recorded using the force platform P6000 (BTS Bioengineering, Italy) and the Smart Clinic and 
Smart Analyzer software (BTS Bioengineering, Italy). The camera Gobi 640 (Xenics, Belgium) and software Xeneth 2.6. (Xenics, 
Belgium) were used to capture thermography. Matlab (MathWorks, USA) and Statgraphics Centurion (Statgraphics Tech., USA) 
were used to analyze signals. 

 
Table 1 
Information about recruited volunteers: the main characteristics of the 31 volunteers recruited are described. 

ID Volunteer Gender Age 
(years) 

Weight 
(kg) 

Height 
(cm) BMI Amputation etiology Amputation Side 

1 Transfemoral Amputee  Male 34 72.0 175.2 23.5 Road accident Left 
2 Transfemoral Amputee  Male 44 68.0 165.0 25.0 Vascular Right 
3 Transfemoral Amputee  Male 50 70.0 169.0 24.5 Gunshot wound Right 
4 Transfemoral Amputee  Male 53 80.0 170.0 27.7 Road accident Left 
5 Transfemoral Amputee  Male 29 56.5 174.0 18.7 Gunshot wound  Left 
6 Transfemoral Amputee  Male 33 63.0 171.0 21.5 Road accident Left 
7 Transfemoral Amputee  Male 45 68.8 166.0 25.0 Road accident Left 
8 Transfemoral Amputee  Female 45 68.8 166.0 25.0 Road accident Right 
9 Transfemoral Amputee  Male 51 62.2 145.0 29.6 Road accident Left 
10 Transfemoral Amputee  Male 25 70.3 173.0 23.5 Road accident Left 
11 Transfemoral Amputee  Male 35 52.8 178.0 16.7 Road accident Left 
12 Transfemoral Amputee  Male 29 85.5 182.0 25.8 Road accident Right 
13 Transfemoral Amputee  Male 34 79.0 168.0 28.0 Road accident Left 
14 Transfemoral Amputee  Female 33 71.0 166.0 25.8 Cancer Right 
15 Transfemoral Amputee  Male 30 57.7 161.0 22.3 Workplace injury Right 
16 Transfemoral Amputee  Male 35 62.0 161.0 23.9 Gunshot wound Right 
17 Control Female 21 58.5 166.0 21.2 - - 
18 Control Female 21 54.0 158.0 21.6 - - 
19 Control Female 46 58.0 159.0 22.9 - - 
20 Control Female 27 70.1 158.0 28.1 - - 
21 Control Male 28 72.3 170.0 25.0 - - 
22 Control Male 49 77.2 175.0 25.2 - - 
23 Control Female 24 57.3 162.0 21.8 - - 
24 Control Female 27 53.0 162.0 20.2 - - 
25 Control Female 19 53.4 160.0 20.9 - - 
26 Control Male 31 80.5 171.0 27.5 - - 
27 Control Female 51 58.7 163.0 22.1 - - 
28 Control Male 31 58.7 163.0 22.1 - - 
29 Control Male 39 64.0 168.0 22.7 - - 
30 Control Female 19 48.0 160.0 18.8 - - 
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31 Control Male 59 88.0 181.0 26.9 - - 
2.2. Experimental protocol 

The temperature reference was recorded by using thermal photographs from the anterior, posterior, and lateral views of the 
stump. The following steps were performed for five trials: (1) the socket and foot angle were randomly changed (Figure 1); (2) the 
subjects walked for ten minutes on a ten meters hallway using a self-selected walking speed; (3) the ground reaction force was 
recorded for each lower limb; (4) the prosthesis was removed, and thermal photos were taken from anterior, posterior, and lateral 
sides; (5) the amputee rested for twenty minutes without the socket. For one trial, randomly chosen, the prosthesis was optimally 
aligned, and this condition was named the nominal alignment. The prosthetic misalignment was performed based on nominal 
alignment. The misalignment criterion was randomness, the simultaneous variation of the socket and prosthetic foot angles, and the 
maximum tolerance of the prosthetic pyramidal adapters. The misalignments did not prevent amputees from walking. 

The prosthetist was blind for the alignment order. The control group did not perform steps (4) and (5). The alignment variations 
included socket rotations in flexion-extension (-6.0° to 7.0°), adduction-abduction (-8.0° to 6.0°), and internal-external rotation (-
18.0° to 28.0°). The prosthetic foot included dorsi-plantar flexion (-7.0° to 6.0°), eversion-inversion (-4.0° to 6.0°), and internal-
external rotations (-13.0° to 11.0). 

  

  

 

Lateral view Anterior view Top view 
Figure 1. Misalignments of the socket and prosthetic foot:  movements of prosthetic angle to disturb the nominal alignment. 

2.3. Data capturing and analysis 

Temperature measurements were made directly on the skin of the stump. Eighteen photos were excluded because their quality 
was not appropriate. Finally, 222 thermographic photos were analyzed. The stump thermal images were analyzed using the K-
means method [14] for temperature clustering. Figure 2 shows an example of clustering for misalignments and nominal alignments. 
The appropriate number of clusters was calculated using Calinski-Harabasz [15] and Davies-Bouldin [16] methods.  

 

 
a. Temperature clustering of the stump after walking using a nominally 
aligned prosthesis for the amputee number six (posterior view). 

 
b. Temperature clustering of the stump after walking using a misaligned 
prosthesis for the amputee number six (posterior view). 
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c. Nominal aligned prosthesis in the 
anterior side. Third volunteer. 

d. Misaligned prosthesis in the anterior 
side. Third volunteer. 

e. Nominal aligned prosthesis in the 
lateral side. Second volunteer. 

f. Misaligned prosthesis in the lateral 
side. Second volunteer. 

Figure 2. Clustering of heat regions of the residual limb. Clustering of the residual limb heat regions for the posterior side: Each thermal photo has a set of 
identified clusters. The cluster has an associated mean temperature !𝑇!!⋯𝑇"$ and an area !𝐶𝐴!!⋯𝐶𝐴!"$. 

Each thermal photo has a total number of hot spots named clusters and labeled such as [𝐶! 𝐶" 𝐶#]. The subscripts 𝐴, 𝑃, and 
𝐿 were used to name the anterior, posterior, and lateral sides. The temperature average for each cluster was denominated by 
[𝑇! 𝑇" 𝑇#]; likewise, the clusters’ area was identified as [𝐶𝐴! 𝐶𝐴" 𝐶𝐴#]. The variability was calculated using the ratio 
between the standard deviation and the mean. The variation coefficient was calculated for the temperature ([𝐶𝑉$! 𝐶𝑉$" 𝐶𝑉$#]) 
and the clusters' area ([𝐶𝑉%!! 𝐶𝑉%!" 𝐶𝑉%!#]) from each view, and for the number of clusters between sides (𝐶𝑉%).  Finally, the 
factor analysis method [17] was used to parametrically adjust the variation coefficient of temperature (Eq. 1), clusters’ areas (Eq. 
2), and a total number of clusters (Eq. 3). 

 
𝐶𝑉# = 0.075𝐶𝑉#$ 	+ 	0.017𝐶𝑉#! 	+ 	0.011𝐶𝑉#% (1) 
𝐶𝑉&$ = 0.142𝐶𝑉&$$ + 0.131𝐶𝑉&$! − 	0.177𝐶𝑉&$% (2) 
𝐶 = 0.142𝐶$ + 	0.131𝐶! − 	0.177𝐶% (3) 

 
 

2.3.1. Ground Reaction Force (GRF) 

 Vertical and anterior-posterior ground reaction forces were normalized to the body weight. The medial-lateral component was 
not considered because of its lower reliability [18]. The following parameters were calculated according to [19]. The anterior-
posterior components: breaking peak (𝐹&), propulsion peak (𝐹'), braking force impulse (𝐼&), propulsion force impulse (𝐼'), duration 
of stance phase (𝑡(), duration of the braking phase (𝑡'), duration of the propulsion phase (𝑡)), time to braking peak (𝑡*), time to 
propulsion peak (𝑡+), and total impulse (𝑇𝐼!" = 𝐼& + 𝐼'). From vertical component: loading response peak (𝐹)), terminal stance 
peak (𝐹*), midstance valley (𝐹+), time to loading response peak (𝑡,), time to midstance valley (𝑡-), time to terminal stance peak 
(𝑡(.), time from midstance valley to toe-off (𝑡((), the impulse of loading response and midstance (𝐼)), the impulse of terminal 
stance and pre-swing (𝐼*), and the total impulse of the vertical component 𝑇𝐼/ = (𝐼) + 𝐼*). Finally, the loading rate (𝐿𝑅), unloading 
rate (𝑈𝑅), and the braking (𝐵𝐼/) and propulsion impulse (𝑃𝐼/) were calculated according to [20,21]. The symmetry of the ground 
reaction force between lower limbs (Eq. 4) was calculated following the method suggested in [22]. The correspondences between 
the duration of braking and propulsion phases (𝐶𝐼( = 𝑡' 𝑡)⁄ ), for the peak values (𝐶𝐼0 = 𝐹& 𝐹'⁄ ), for the impulses 𝐶𝐼& = 𝐼& 𝐼'⁄ , and 
for the loading and unloading rate (𝐶𝐼' = 𝐿𝑅 𝑈𝑅⁄ ) were calculated as well. 

 
 

𝑆𝐼{(} =
(𝑋% − 𝑋*)

0.5(𝑋% + 𝑋*)
9 ∗ 100% (4) 

 

2.3.2. Statistical analysis 

The Kurtosis-bias analysis and Kolmogorov-Smirnov tests confirmed the normal data distribution. The one-way analysis of 
variance ANOVA and Kruskal-Wallis tests evaluated the statistical significance of the differences of groups with a statistical 
significance of P<0.05. The multiple comparison test used the Bonferroni test. The statistical analysis included between-subjects 
and within-subjects.  
 
3. Results 
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The following subsections illustrate the statistical analysis of the stump’s temperature and the ground reaction force. 
 

3.1. The temperature of the stump 

Subjects wearing prosthesis vs the reference. 
The temperature of the stump was compared after walking using the prosthesis with the temperature of the residual limb while 

the amputee was resting, namely without socket wearing. The control group did not include thermal photography. During the whole 
study, the ambient temperature was 23.4 ± 1.6 °C. Subjects reported increased stump sweating during warm days; however, it did 
not significantly affect our outcomes.  

The prosthetic wearing did not produce statistically significant changes for the average temperature of residual limbs compared 
to the reference temperature. However, the number of clusters on the anterior side (𝐶!), the total number of clusters (𝐶), and the 
variability of temperature on the lateral side (𝐶𝑉$#) were 16.2% higher in the reference than thermal photos during the prosthetic 
wearing for at least 80.0% of trials (P<0.05). By contrast, the number of clusters of the anterior side (𝐶!), the variation coefficient 
of clusters’ area (𝐶𝑉%!!), the variation coefficient of temperature on the anterior side (𝐶𝑉$!), the total variation coefficient (𝐶𝑉$) 
were at least 11.0% higher during prosthetic wearing than reference for nearly 70.0% of trials (P<0.05). 

 
Subjects wearing misaligned vs nominally aligned prosthesis. 

The results of the temperature variables are presented in Table 2. The between-subjects analysis did not show significant 
differences, however, the analysis for within-subject shows that the variation coefficient of temperature on the anterior 𝐶𝑉$!, 
posterior 𝐶𝑉$", and lateral 𝐶𝑉$# sides, as well as total 𝐶𝑉$ were at least 3.5% higher in misaligned than nominally aligned prosthesis 
for above 70.0% of trials. The gait trials for misaligned prostheses had more than 10.0% more clusters on the anterior side (𝐶!) than 
nominal alignments for above 70.0% of thermal images (P<0.05). Furthermore, the total variation coefficient of clusters (𝐶𝑉%) was 
21.0% higher for misaligned than nominally aligned prosthesis for nearly 70.0% of trials (P<0.05). Likewise, the variation 
coefficient of the cluster’ area on lateral sides (𝐶𝑉%!#)	was 9.0% higher for 70.0% of trials.  

 
3.2. Ground Reaction Force – GRF 

The difference between the ground reaction force of the control and amputee groups was inspected. Likewise, an analysis of 
the gait symmetry indices was performed for the amputees and control groups. The GRF outcomes of transfemoral amputees were 
analyzed to find the effect of misalignments and nominal alignments. The data normality was verified, and different statistical tests 
were conducted.  

 
Subjects wearing prosthesis vs the reference. 

Figure 3 shows the symmetry index between lower limbs for the control group and the transfemoral amputees considering both 
alignment conditions. The within-subjects and between-subjects analysis did not show significant differences between GRF 
outcomes for the control group, which is an expected result because volunteers did not report gait disorders. The amputees' group 
had more asymmetric gait than the control regardless of the type of alignment. The vertical GRF components: loading response 
peak (𝐹)) and midstance valley (𝐹+), the time from midstance valley to toe-off (𝑡((), and the impulse of loading response and 
midstance (𝐼)) were the most symmetric parameters and like those of the control group. 

 
 

 
Figure 3. Symmetry index of GRF parameters between lower limbs. Values greater than 100 indicate asymmetry and values less than or equal to 100 indicate 
symmetry between lower limbs. 
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Subjects wearing misaligned vs nominally aligned prosthesis. 
Table 2 shows the comparison of GRF parameters for intact and prosthetic limbs during nominal alignments and misalignments 

of the prosthesis. The sound limb did not show differences between nominal alignments and misalignments for most ground reaction 
force parameters, excluding three variables (P<0.01). The time to midstance valley (𝑡-), the loading rate (𝐿𝑅), and the time from 
the midstance valley to toe-off (𝑡(() had representatively different values for nearly 70% of trials. The 𝐹) and 𝐶𝐼0 parameters did 
not show statistically significant differences between-subjects. The remaining GRF parameters were statistically significant. 

 
Table 2.  
Ground reaction force and stump temperature parameters. Results are displayed for each lower limb during nominal alignment or misalignment. The Percent 
Repeatability column indicates the percentage of subjects for those the difference between nominal alignment and misalignment was observed. 
* Parameter that showed significant within-subject differences for the prosthetic limb. 
† Parameters that showed significant differences between-subjects for the prosthetic limb. 
‡ Parameters that showed significant differences within-subjects for the intact limb. 

Characteristic of 
parameter Parameter 

Prosthetic limb Sound limb 

Nominal Misalignment Percent 
repeatability Nominal Misalignment Percent 

repeatability 

A
nt

er
o-

po
st

er
io

r  
G

ro
un

d 
R

ea
ct

io
n 

Fo
rc

e 

𝐹+ * 12.92 ± (5.13) 8.62 ± (2.70) 92.6 % 12.92 ± (5.13) 13.00 ± (5.57) 52.9% 
𝐹, * 15.88 ± (4.54) 8.95 ± (2.87) 94.1 % 15.88 ± (4.54) 15.91 ± (5.45) 55.9% 
𝐼+ *† 2.81 ± (0.99) 0.25 ± (0.17) 100 % 2.81 ± (0.99) 3.01 ± (1.13) 51.5% 
𝐼, *† 4.34 ± (0.85) 0.32 ± (0.22) 100 % 4.34 ± (0.85) 4.31 ± (0.96) 51.5% 
𝑇𝐼$! *† 7.23 ± (1.53) 0.56 ± (0.30) 100 % 7.23 ± (1.53) 7.39 ± (1.65) 51.5% 
𝑡, *† 0.55 ± (0.06) 0.09 ± (0.02) 100 % 0.55 ± (0.06) 0.56 ± (0.05) 45.6% 
𝑡- *† 0.59 ± (0.09) 0.10 ± (0.03) 97.1 % 0.59 ± (0.09) 0.58 ± (0.08) 47.1% 
𝑡. * 0.11 ± (0.02) 0.03 ± (0.02) 92.6 % 0.11 ± (0.02) 0.12 ± (0.04) 45.6% 
𝑡/ *† 0.44 ± (0.06) 0.06 ± (0.02) 95.6 % 0.44 ± (0.06) 0.44 ± (0.08) 48.5% 

V
er

tic
al

 
G

ro
un

d 
R

ea
ct

io
n 

Fo
rc

e  

𝐹- 104.24 ± (9.55) 102.86 ± (6.37) 55.8 % 104.24 ± (9.55) 105.32 ± (9.92) 52.9% 
𝐹. * 103.25 ± (5.75) 96.51 ± (5.92) 86.8 % 103.25 ± (5.75) 103.39 ± (5.55) 51.5% 
𝐹/ * 90.16 ± (4.42) 88.17 ± (3.38) 69.2 % 90.16 ± (4.42) 91.21 ± (5.01) 48.5% 
𝑡0 * 22.64 ± (8.76) 36.70 ± (4.27) 92.6 % 22.64 ± (8.76) 24.20 ± (10.44) 47.1% 
𝑡1 *†‡ 0.53 ± (0.05) 0.09 ± (0.02) 97.1 % 0.53 ± (0.05) 0.56 ± (0.06) 69.1% 
𝑡23 * 77.06 ± (6.57) 63.94 ± (4.20) 94.1 % 77.06 ± (6.57) 76.13 ± (5.77) 57.4% 
𝑡22 *‡ 52.13 ± (6.26) 48.17 ± (4.11) 76.5 % 53.13 ± (6.26) 50.72 ± (5.04) 68.2% 
𝐼- * 6.07 ± (1.61) 5.47 ± (0.56) 68.3 % 6.07 ± (1.61) 6.43 ± (1.67) 47.1% 
𝐼. *† 88.91 ± (11.39) 6.69 ± (3.59) 100 % 88.91 ± (11.39) 90.61 ± (10.58) 47.1% 
𝑇𝐼4 *† 94.98 ± (11.33) 12.28 ± (3.60) 100 % 94.98 ± (11.33) 97.11 ± (10.56) 50.0% 
𝐿𝑅 *†‡ 0.01 ± (0.00) 0.04 ± (0.01) 98.5 % 0.01 ± (0.004) 0.012 ± (0.007) 68.8% 
𝑈𝑅 * 0.02 ± (0.01) 0.03 ± (0.01) 76.5 % 0.02 ± (0.01) 0.02 ± (0.01) 44.1% 
𝐵𝐼4 *† 46.37 ± (6.15) 5.17 ± (1.99) 98.5 % 46.37 ± (6.15) 48.27 ± (5.12) 47.1% 
𝑃𝐼4  *† 48.71 ± (7.76) 7.20 ± (2.43) 100 % 48.71 ± (7.76) 48.93 ± (9.09) 52.9% 

Impulse Rates 

𝐶𝐼2 * 0.26 ± (0.06) 0.51 ± (0.32) 82.4 % 0.26 ± (0.06) 0.27 ± (0.10) 48.5% 

𝐶𝐼5 0.89 ± (0.36) 0.91 ± (1.03) 57.4 % 0.80 ± (0.36) 0.92 ± (0.37) 49.7% 

𝐶𝐼+ * 1.66 ± (0.22) 2.39 ± (4.76) 63.2 % 0.66 ± (0.22) 0.75 ± (0.24) 47.1% 

𝐶𝐼, *† 2.73 ± (1.18) 0.90 ± (0.37) 100 % 2.73 ± (1.18) 2.72 ± (1.37) 51.5% 
Stance time 𝑡2 *† 1.13 ± (0.12) 0.18 ± (0.05) 100 % 1.13 ± (0.12) 1.15 ± (0.12) 44.1% 

Temperature 
of the stump 

𝑇$ 26.42 ± (1.45) 25.81 ± (1.33) 59.6% - - - 
𝑇! 26.19 ± (1.40) 25.61 ± (1.35) 59.6% - - - 
𝑇% 26.01 ± (1.49) 25.40 ± (1.34) 61.7% - - - 

𝐶𝑉#$ * 0.40 ± (0.06) 0.46 ± (0.06) 74.5% - - - 
𝐶𝑉#! * 0.44 ± (0.04) 0.48 ± (0.04) 73.8% - - - 
𝐶𝑉#% * 0.43 ± (0.06) 0.49 ± (0.03) 76.0% - - - 
𝐶𝑉# * 0.007 ± (0.005) 0.011 ± (0.005) 70.1% - - - 
𝐶𝐴$ 2951.3 ± (866.6) 3001.9 ± (1288.8) 61.7% - - - 
𝐶𝐴! 3786.3 ± (2343.2) 2912.5 ± (1208.2) 51.1% - - - 
𝐶𝐴% 1045.8 ± (831.9) 897.8 ± (357.8) 61.7% - - - 
𝐶𝑉&$$ 0.65 ± (0.05) 0.67 ± (0.08) 51.1% - - - 
𝐶𝑉&$! 0.63 ± (0.11) 0.64 ± (0.07) 55.3% - - - 
𝐶𝑉&$% * 0.67 ± (0.13) 0.64 ± (0.13) 70.2% - - - 
𝐶𝑉&$ 0.65 ± (0.37) 0.65 ± (0.26) 57.4% - - - 
𝐶$ * 11.17 ± (1.55) 12.18 ± (2.69) 74.5% - - - 
𝐶! 8.92 ± (3.46) 8.86 ± (2.68) 48.9% - - - 
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𝐶% 7.41 ± (3.53) 7.16 ± (2.69) 48.9% - - - 
𝐶𝑉& * 0.43 ± (0.21) 0.34 ± (0.16) 69.0% - - - 

 
 The within-subjects analysis showed the most representative parameters. The braking impulse (𝐼&), propulsion impulse (𝐼'), 

the impulse of terminal stance and pre-swing (𝐼*), the total anteroposterior impulse (𝑇𝐼!"), the total impulse of the vertical 
component (𝑇𝐼/), braking impulse (𝐵𝐼/), and propulsion impulse (𝑃𝐼/) were at least 88.0% higher during nominal alignments than 
misalignments for almost 99.0% of patients. Similarly, the duration of stance phases (t(), braking phase duration (𝑡'), duration of 
the propulsion phase (𝑡)), time to propulsion peak (t+), and the time to midstance valley (𝑡-) were at least 76.0% slower for above 
95.0% of trials. The loading and unloading rates were at least 66.0% greater for all trials. Particularly, the loading (LR) was 70.0% 
higher in misaligned than nominal aligned prosthetic limb for at least 98.5% of trials.  
 

 

 

a. Vertical component. b. Anterior-posterior component. 
Figure 4. The ground reaction force of the prosthetic limb during nominal alignments and misalignments.  

 
4. Discussion 

The hypothesis proposed in this work was focused on finding changes produced by the quality of the prosthetic alignment on 
the skin temperature of the residual limb, the ground reaction forces, and the symmetry of the gait pattern. In this regard, the ground 
reaction forces during walking of transfemoral amputees and the control group were recorded. Furthermore, thermal photographs 
of the residual limb were taken for the group of amputees. The information collected was processed and statistically analyzed to 
confirm our hypothesis. The findings suggested significant differences for the ground reaction forces of the prosthetic limb and the 
heat distribution on the stump's skin between nominal alignment and misalignment of the prosthesis. On the other hand, the 
alignment did not affect the GRF symmetry between the intact and prosthetic limbs. 

The ambient temperature showed a positive correlation with the stump's temperature and the increased perspiration reported 
by amputees. Earlier research has reported relations between the skin blood perfusion rate and changes in ambient temperature 
[23,24]. Hence, the stump's skin heating and perspiration could be related to the thermo-regulation process of each subject, and not 
necessarily to the use of sockets. 

Previous research has shown the effectiveness of thermography in the design and alignment of transtibial prostheses and to 
assess the socket-stump interface [6–8]. Our outcomes showed a slight increase in the mean temperature of the stump during 
nominal alignments compared to misalignments for near 60% of amputees. Despite this result, we hypothesize that the 
misalignments could have increased the number of local pressure points in the stump, which affected the microvasculature in the 
stump’s distal region and possibly long-term vasoconstriction. This produced stump regions cooler than others, increasing the 
dispersion of temperature during misalignment and resulting in higher temperature variation coefficients for nearly 76.0% of 
transfemoral amputees. The unbalance of the stump load line over the socket caused by the misalignments could have affected the 
pressure distribution at the stump-socket interface, affecting the blood capillaries, the blood supply distribution, and the temperature 
dissipation. The local pressure or friction increase could induce ulcers caused by ischemia, which could affect the amputees' 
compliance to the prosthesis. 

Our socket design has two weight-bearing zones: one over the ischial notch region and the other on the scarp triangle. Figure 
2a shows a better temperature distribution over the ischial region during nominal alignment compared to the hot spots observed 
during prosthetic misalignment (Figure 2b). Likewise, the nominal alignment produced a better temperature distribution on the 
scarp triangle contour (Figure 2c) compared to the thermal results for the misaligned prosthesis (Figure 2d). It is expected that the 
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regions of the residual limb with larger contact with the socket walls have greater mechanical stress, friction, and localized pressure, 
affecting the microvasculature of the skin. For this reason, it is suggested that prosthetic misalignment did not affect the mean 
temperature of the stump, since the blood perfusion of the skin was focally disturbed, producing small hot spots that did not change 
the average temperature [25]. The non-generalization of the results for a greater number of amputees could be due to the amputee's 
metabolic characteristics, prosthesis' mechanical factors, and the blood perfusion of the residual limb; however, thermography can 
assist clinicians and prosthetists during the fitting and alignment of transfemoral prostheses components.  

The muscle tissue loss caused by the lower limb amputation induces an impulsive force decrease of the prosthetic limb [26]. 
The prosthetic misalignment altered the force transfer to the ground on the prosthetic side; therefore, the impulsive force (𝐹*) 
decreased and the unloading rate increased. It is well known that amputees shift the center of mass towards the intact limb to achieve 
a more comfortable and stable gait [27]. Prosthetic misalignment increased this shifting to the contralateral side producing a shorter 
stance phase in the prosthetic side compared to nominal alignment. Likewise, the single-support phase of the vertical ground 
reaction force curves of the intact limbs was flatter than on prosthetic limbs, which has been associated with slow gait speed [28]. 
The GRF outcomes suggest that nominal alignment improves the stability of the amputee on the prosthetic side during the stance 
phase; therefore, the measurement of GRF parameters on the prosthetic side could help the prosthetist to identify the nominal 
alignment to increase the amputee's compliance to the prosthesis. 

The symmetry indices of transfemoral amputees did not show significant improvements after nominally aligning the prosthesis, 
which can be explained by the gait compensations of amputees to adapt to alignment changes [13,29,30]. Therefore, symmetry 
might not be a proper indicator to assess the quality of the alignment. 

Prosthetic misalignment induced a shift between the anatomical line of amputees and the load line of the prosthesis, causing 
the shifting of the amputee's center of mass. Amputees adopt gait compensation mechanisms to keep a suitable gait performance, 
however, our results proved that the analysis of the residual limb’s GRF could be useful to detect prosthetic misalignments. The 
use of GRF parameters such as 𝐼&, 𝐼', 𝑇𝐼!",	𝑡(, 𝑡', 𝑡), 𝑡+, 𝑡-, 𝐼*, 𝑇𝐼/, 𝐿𝑅, 𝐵𝐼/, 𝑃𝐼/, and 𝐶𝐼' provides useful indicators to aid in the 
alignment procedure of transfemoral amputees. This finding helps to find computational models for classification or prosthetic 
alignment assessment.  

The results found in this study could be limited by the number of patients, the use of a single type of socket and a prosthetic 
foot, the non-inclusion of liners or stockings for the stump, and the condition of walking barefoot. Future work should quantify the 
magnitude of misalignment to identify the individual and collective effects of flexion-extension, abduction-adduction, and internal-
external rotations of the socket and prosthetic foot. Finally, automatic alignment procedures supported by computational models 
are necessary to improve the adaptation of the transfemoral amputee to the prosthesis. 
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