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Purpose: This study aimed to examine the accuracy and validity of the Biosculptor’s Bioscanner shape capturing system as a portable
measuring device by analysing the changes in transtibial residual limb circumference parameters while walking. Assessment on an am-
putee could also allow for the clinical usability of the digital scanner to be studied. Methods: To verify the accuracy of the system, the Bio-
scanner method was compared to the widely used standard anthropometric manual measurement technique (i.e., tape measure). One tran-
stibial prosthetic user was recruited to conduct a walking activity at a normal walking pace for 5 to 15 minutes. Circumferential profiles
of the participant were obtained digitally and manually during 2–5 minutes of resting walking intervals. The mean differences between
the two methods were compared and percentage differences were calculated. The means were used to calculate the standard error meas-
urement (SEM) and the 95% confidence intervals. Study of the limit of agreement between the two method was also used to validate the
accuracy of Bioscanner. Results: The findings showed that both measurements gave a general comparable linear pattern. The averaged
results from both methods resulted in only small distinctive differences especially at circumference near the mid-patella tendon. Simi-
larly, the pressure-sensitive areas of the limb resulted in only an average of 2.28% differences between the two measurement techniques.
The system showed high reliability and SEM with <1 of 95% CI values and repeatability study gave ICC >0.9. Conclusions: Bioscanner
appeared to be comparable with the standard manual method. The Biosculptor system provides the portability, fast, reliable, and high
accuracy measurements of the transtibial residual limb circumference, thus, it can be considered as a valuable tool for daily measurement
of amputee’s residual limb and pre-prosthetic training.
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1. Introduction

The loss of a lower limb, transtibial or transfemoral
amputation, has a significant impact on a person’s agil-
ity and ability to carry out daily tasks [3], [14], [25].
That being so, the objective of rehabilitation is to en-
sure persons with loss of a limb to ambulate effectively
with a prosthesis. A successful rehabilitation relies on
the type of techniques and equipment used. Anthropo-
metric measurement of the residual limb is routinely

carried out by practitioners after limb amputations,
particularly for pre-prosthetic trainings [11]. Thus, prac-
titioners are highly reliant on their experience and the
accuracy of the measurement tools used. The accuracy
and reliability of the measuring tools influences the
type and prescription timing of prosthetics following
limb amputation [4]. Measuring tools are also used to
assess morphological changes on an amputee’s residual
limb, such as muscle strength deficit, especially during
the process of rehabilitation [17], [20], [46]. This is
crucial as prior studies have shown that a significant
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number of amputees were reluctant to don their pros-
thetic devices due to pain and discomfort that resulted
from a poor rehabilitation plan [30], [42].

Consequently, pre-prosthetic exercises are impor-
tant to not only maintain amputees’ range of move-
ment (ROM) but also to improve their lower limb
muscle strength [29], [31]. The practice considers the
amputee’s physical abilities, level of amputation and
other pre-existing medical conditions. Any changes of
the residual limb during the first few months after
amputation must be monitored to ensure that sockets
are fitted properly and limb volume does not decrease
rapidly; thus, ensuring that subsequent problems such
as pain and postoperative oedema are under control
[16], [21]. Researchers studies long-term residual limb
shape changes have also done ground-breaking work
in identifying guidelines for prosthetists in determin-
ing the timeline for amputees to switch from a tempo-
rary socket to a definitive socket. Studies by Lilja et al.
[21]–[23] early highlighted the importance of man-
aging the volume changes of the residual limb. Moreo-
ver, a much more recent study conducted by Ahmadi-
zadeh et al. [2] continued to emphasize that the current
management systems are still challenging.

Morphological changes of the residual limb can be
difficult to manage; hence, recording the shape and
volume changes until it stabilizes are clinically essen-
tial as it would lead to timely fabrication of definitive
sockets. These characteristics and stabilization of the
residual limb shape must be accurately measured to
acquire a successful fitting. The measurement tools
used by practitioners must be reliable and able to offer
high accuracy to estimate the anthropometric meas-
urement of the residual limb [36], [44]. There are nu-
merous considerable efforts conducted on new devices
that have the potential in giving accurate representa-
tion of human’s limb and have been extensively com-
pared between the various measurement techniques
[28]. One of the promising tools in measuring the
changes on the residual limb is the “hands-off” tech-
nique using a laser or an electromagnetic digital scan-
ning system [33]. Low-cost 3D scanners may assure the
price advantage; however, the accuracy is highly debat-
able and require further examination [32]. Meanwhile,
a study on novel systems, such as the BODYTRONIC
600, proved that it can be considered a valuable meas-
urement tool on measuring lower limb circumference
and volume. The comparison study between data from
BODYTRONIC 600 with computed tomography (CT)
showed that a 3D volumetric system has the potential
of high-level reliability and accuracy [45]. However,
many similar studies were not conducted specifically
on transtibial amputees [8], [12], [19], [41]. Earlier

work by Sanders et al. [39] discussed the potential of
Computer Aided Design and Computer Aided Manu-
facturing (CAD/CAM) in measurement comparison
between transtibial residual limb shape particularly
after an activity that may strongly affect prosthetic
socket fit. The process of digitization of the residual
limb shape can offer much more sophisticated struc-
tural analysis. With the advance of today’s computer,
the residual limb geometry, one of which is the cir-
cumferential measurement, can be easily obtained and
the data can certainly be used to monitor the changes
during pre-prosthetic trainings [15].

In the preparation of prosthetic sockets, it is es-
sential that the first contact of the CAD/CAM system,
which is the scanner, can capture the subject’s resid-
ual limb accurately. The progression of new tech-
niques and studies have enabled several measurement
techniques to detect errors on CAD/CAM systems in the
market. There are vast numbers of literature on moni-
toring of activity of able-bodied individuals [13], [26].
However, only a small number looked at measuring
the rate of activity of people with prostheses, whereas
CAD studies on capturing transtibial residual limb
were mostly conducted on theoretical models [10],
[43]. This study was designed to preliminary assess
the reliability of the Biosculptor CAD system’s Bio-
scanner on the circumferential measurement of a tran-
stibial amputee. The Bioscanner was used to examine
an inactive participant (non-accommodator) and the
accuracy of the circumferential measurements was
compared with those taken manually, ultimately aim-
ing to suggest the use of the Biosculptor CAD sys-
tem’s Bioscanner as one of the measurement tools for
capturing the changes of residual limbs with regards
to pre-prosthetic rehabilitation. In order to examine
the accuracy of the Bioscanner, an activity such as
walking on a leveled walkway was chosen as the am-
bulation activity that may affect the movement of
fluid out of the residual limb, thus decrease its volume
and shape [40].

2. Materials and methods

2.1. Participant

The participant was a female participant at the age
of 68 with body mass index (BMI) of 33.3 kg/m2. In
2017, the participant had a unilateral transtibial (left)
amputation due to a diabetic ulcer. The study was
conducted with the approval of the National Medical
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Research Register Secretiat 37912 and the experiment
was carried out under the guidance and supervision of
a Certified Prosthetist and Orthotist (CPO) of the In-
ternational Society of Prosthetics and Orthotics (ISPO)
Category 2. The participant has been using patellar
tendon bearing socket (PTB) with an expanded poly-
ethylene liner together with neoprene suspension sleeve
for the past two years and was categorised as K-2
functional level ambulator with the ability to ambulate
on low barriers and uneven surfaces [5]. The partici-
pant had a long cylindrical residual limb (junction of
lower and middle 1/3rd length) with small muscle vol-
ume, but, due to participant’s health condition (diabetes
and high blood pressure), was only asked to conduct
the activity when she is well-rested and fit to walk.
Prior to the investigation, the participant’s prosthetic
was carefully checked by the certified CPO to be well
aligned, and the skin condition of the residual limb
was also examined to ensure the absence of swelling,
no phantom pain, skin ulceration or sores on the skin
of the residual limb. A set of practice sessions were
conducted before the data collection to familiarise the
participant with the room condition and critically to
assure the participant of any possible incidents.

2.2. Experiment protocol

During the week of the experiment and after ob-
taining consent from the participant, the participant was
informed to go about her daily life as normal as possi-
ble without any out-of-routine activities. This was to
ensure that the changes in the participant’s residual
limbs were not affected by other laborious actions.
The experiment was conducted for 5 days continuously

and during the exercise, the participant was instructed
to walk at her self-selected walking speed for ap-
proximately 200 metres on a leveled floor. Measure-
ments of the residual limb before the exercise were
taken manually and digitally at 0 minutes. While
walking, the participant was under constant supervi-
sion during the entire exercise to ensure the partici-
pant walked consistently at her self-selected speed.
Subsequently, measurements and scans were per-
formed at 5, 10, and 15 minutes of walking intervals
separated by 2–5 minutes rests. At each interval, the
participant was instructed to sit and doff off prosthesis
before the measuring took place.

Measuring tape was used to measure the limb manu-
ally and Biosculptor’s Bioscanner (FastSCAN, Polhe-
mus) was used to capture the shape of the residual
limbs digitally. For manual measurements, the partici-
pant’s residual limb was marked starting from the mid-
patella tendon as the most proximal point (point 0 cm)
and the following points were 2 cm increments down-
wards towards the distal end of the residual limb
(point 2 cm to 14 cm). Bioscanner is an electromag-
netic non-contact capturing device that captures the
residual limb by simply sweeping the handheld cam-
era over the limb at a 45° angle [7], [19]. The device
has a characteristic of a dual-camera with a line laser
[19], and is equipped with a transmitter that the user
can attach to the object. It acts as a guide connected to
the motion-tracking device integrated in the scanner
for the device to track each sweep profile [18]. Each
sweep profile was uploaded directly into a FastScan
software as 3D images with an accuracy of 0.178 mm.
This process required very minimal preparation and
the scanner’s optical stylus mode enabled the user to
locate landmarks and alignment marks, for example,

Fig. 1. Marking of landmarks on participant’s residual limb with 2-cm interval during manual measurements (left).
Bioscanner was used to scan the residual limb (middle) and a digital model of patient’s residual limb in Bioshape

with each 2-cm interval marked starting from mid-patellar tendon (right)
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the patella, tibial tuberosity, and the fibular head on
the scanned images. 5–8 sweeps were taken to capture
the whole residual limb over 2-second intervals. Dur-
ing the image acquisition, the room had to be dimmed
or darkened to ensure no other light source were af-
fecting the accuracy of the device. The participant’s
residual limb was also measured and scanned without
the socks/stockinet that might impede accurate meas-
urement of the residual limb. Once all the scans were
done, 3D images of the patients’ residual limb were
exported to a CAD software called Bioshape.

Bioshape software was developed specifically to
cater prosthetists to analyse residual limb. The in-built
guide assists the users based on the type of residual
limb they are working on. Once the images were gath-
ered in FastScan, Bioshape software was used to obtain
the circumferential measurement for the data analysis.
Circumferential measurements of each patient were
obtained by marking the limb and the digital images
of the limb at 2-cm intervals. In order to compare the
manual and digital measurements, no modifications
were required for this study. In Figure 1, the processes
of digitally measuring the participant’s residual limb
are specifically summarised.

2.3. Data analysis

The study was conducted for 5 days and both meas-
urement techniques were used and recorded consecu-
tively. Once the participant successfully completed the
5 days, all results were analysed and the accuracy of
the Bioscanner was compared with the manual meas-
urement technique. The results obtained on the trans-
tibial residual limb were analysed to address the ques-
tions of how precise and consistent were the digitally
obtained measurements compared with the manually
obtained ones, of what are the percentage of differ-
ences between manual and digital measurements,
whether is Bioscanner reliable as a tool to obtain cir-
cumferential measurement of the patient’s residual
limb, and of how did the validity and reliability com-
pared to a similar study using optical or electromag-
netic scanner.

The differences in percentage between the two
methods were calculated using Eq. (1).

%.100
tmeasuremenmanual

manualanddigitalbetweenDifference

(%)sdifferenceofPercentage

 (1)

To measure the consistency for each measurement
taken, the mean and standard deviation (SD) were ob-

tained for each measurement site for both manual and
digital measurements. Subsequently, the mean and SD
values were used to obtain the standard error meas-
urements (SEM), to express the measurement error,
which were then used to calculate the 95% confidence
intervals (CI) for the results. The SEM values were
obtained using Eq. (2).

r 1)SEM(tmeasuremenerrorStandard  , (2)

where  represents the standard deviation and r repre-
sents the reliability coefficient.

95% CI is a useful tool to measure the reliability
of the tools used in gathering the true values of the
residual limb. The 95% CI was calculated based on
Eq. (3).

n
zx 

)CI(levelConfidence , (3)

where x , z,  and n represent the sample mean, con-
fidence coefficient, standard deviation, and sample size,
respectively.

Validity study on the limits of agreement were also
calculated based on Bland–Altman methods [41].
Finally, to quantify the reliability (repeatability) of the
Bioscanner scans, the repeated scanned data was used to
calculate the intra-class correlation coefficients (ICCs).
A two-way mixed model with absolute type ICCs
were performed using SPSS®.

3. Results

Due to the physical and health conditions of the
participant, the participant required a longer time than
expected to complete the activity. Nevertheless, the
participant was able to maintain her walking pace
throughout the period under investigation. To assess
the overall performance of the participant, the mean of
the circumferential measurements from the 5 days of
walking were calculated for both manual and Bio-
scanner measurement techniques, as shown by curved
line graphs in Fig. 2. Analysis of the mean circumfer-
ence over the residual limb lengths which makes up the
limb’s circumferential profiles, showed that the residual
limb measurements of the participant from the manual
and digital measurements generally had produced the
same pattern of results. The manual assessment of the
limb, shown in Fig. 2A, measured the starting points
(0 cm) of the mid-patella tendon to be slightly lower
than the recorded by the Bioscanner’s measurement
illustrated in Fig. 2B. According to the manual meas-
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urement data, the mid-patella of the participant was in
the range of 36.2 cm to 37.73 cm at 0 cm for each
walking interval. Bioscanner recorded the circumfer-
ence of the mid-patella tendon to be in the range of
37.60 cm to 38.6 cm, slightly higher than the manual
measurement. The middle portion of the limb, be-
tween limb length at 4–8 cm, the circumference meas-
ured does not deviate much when both the manual and
Bioscanner measurements were compared. An aver-
age of 2.28% difference of the circumference from
those techniques were observed at 4 to 8 cm points of
the circumferential profiles. However, a discernible
difference can be noted at point 14 cm below the mid-
patella at 0 minute. At this point, a difference of 9.65%,
which is the highest percentage difference, was re-
corded between both measurements, meanwhile the
smallest difference of 0.12% was reported at the same
point after 5 minutes of walking. Overall, the Bioscan-
ner obtained generally higher circumferential meas-
urements than the recorded measurements from the
manual technique.

To further elaborate the percentage differences
between the two methods at each walking duration,

box plot configuration was used, as displayed in Fig. 3.
At 0 minutes, the box plots are comparatively shorter
than the ones reported at 5, 10 and 15 minutes. The
upper and lower quartiles are relatively similar indi-
cating that there are minute differences in percentage
between the two measuring techniques at 0 minutes.
The upper whisker extended to 6.6% difference be-
tween the maximum difference and the upper quar-
tile. Based on the graph, the fmedian values at 0 and
5 minutes are not significantly different (2.82% at
0 minutes and 2.87% at 5 minutes). The median value
at 5 minutes is the same as plotted at 0 minutes indi-
cating about 50% of the measurements taken from
manual and Bioscanner techniques were in accor-
dance and comparable with each other, which is also
reflected by the even distributions of the box plots
at these durations. The box plots at 10 and 15 min-
utes are broader than the ones plotted at 0 and 5 min-
utes, suggesting that many of the measurements be-
tween the manual and Bioscanner contradicted. About
75% of the measurement values fell below the upper
quartile at 10 and 15 minutes. However, the box plots
are even, thus, suggesting that there were not much of

Fig. 2. Residual limb circumferences (mean n = 5) at the different residual limb lengths against time/duration of the walking.
Each plot represented the location of the circumferential profiles at which the measurements were taken manually (A)

and digitally using the Bioscanner (B)

A

B
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a difference (~50%) between the circumference meas-
urement and they were in range of the inter-quartile
range (IQR).

Meanwhile, study on Bland–Altman’s limits of
agreement presented in Fig. 4 showed that most
of the collected measurements were closed to the
mean for both techniques (within the limits of agree-
ments), and only 2 data can be classified as outliers.

In addition, the validity study of the Bioscanner
measurements resulted in values of SEMs and CIs
that were both <1, indicating a high accuracies and
validity of the measurement taken (Table 1). In
final analysis of reliability/repeatability of the Bio-
scanner, the ICC was measured to be >0.90, which
showed that the Bioscanner showed high levels of
intra-rater reliability.

Fig. 3. Box plot graph to represent the percentages of differences in circumference
between the manual and Bioscanner measurements

Fig. 4. Limits of agreement between the manual tape measure and the Bioscanner measurement



Comparative study on the accuracy of Biosculptor’s Bioscanner system in transtibial residual limb circumference measurement 179

Table 1 na leżąco
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4. Discussion

The Biosculptor’s Bioscanner was proposed as one
of the measurement tools to measure the residual
limb’s change during pre-prosthetic trainings [1]. To
validate and accurately quantify the reliability of the
Bioscanner in measuring real patients is important in
the decision making for limb shape management [34].
Data on the circumferential profiles may give practi-
tioners useful information in designing prosthetic
sockets and subsequently as a useful guideline for
amputees on their volume and shape changes during
certain activities. As stated by Kofman et al. [19], Bio-
scanner, as one of the non-contact scanners studies,
had systematic differences in volume measurement
that were in 97% explained by the system when meas-
uring residual limb model. Therefore, a small error of
variance of ~3% would permit the system to be tested
on amputees to assess it clinical usability. Based on
the results, the manual methods recorded lower circum-
ference measurement than that from the Bioscanner.
This may be due to the limb muscles being pressed
slightly when measurements were taken. However, the
differences in percentage were not significant, as can
be seen in Figs. 2 and 3, especially at 0 and 5 minutes
after walking. The figures also denoted that Bioscan-
ner circumferential profiles deviate at the beginning of
the residual limb (mid-patella tendon) compared to the
manual circumferential profiles. Further deviation can
be clearly seen near the distal end of the residual limb,
which is the pressure-sensitive area. The pressure-
tolerant areas, which are between 4 and 10 cm, dis-
played a more stable measurement. In addition, a prior
study done on measuring the volume of transtibial
limbs reported comparable outcomes when comparing
Bioscanner results with a conventional method of
water displacement. The mean percentage in circum-
ference (2.76%) between the Bioscanner scanned im-
age and the manual measurement technique compares
well with the results reported by Mehmood et al. [24].

According to results displayed in Fig. 2, the circum-
ference of the residual limb reduced and may be due to
the increased fluid transport from the interstitial space
into the venous vasculature. Comparable results can
be observed from a study conducted by Sanders et al.
[37], where the authors produced a comparable pattern
of residual limb changes from a K2-ambultor through
a bioimpedance study [37]. However, compared to the
bioimpedance study, the Bioscanner requires no
preparation of electrodes and zero attachment is needed,
thus, making Bioscanner a far simpler equipment to use.
Further understanding of the difference between the

manual and Bioscanner measurements showed that
there is a small percentage of differences between the
two techniques. The mean percentage of circumference
difference from the two techniques, as shown in Fig. 3,
were less than 1%. The plotted box plots for each
walking interval were comparatively short, which sug-
gested that the values have a greater level of agreement
between each other. The results were also in agreement
with the recent study conducted by Mehmood et al.
[24], who presented that the mean percentage between
a Biosculptor socket and a conventional socket were
0.59 and 0.60%, respectively. The short-term increase
in the circumferential measurements seen in Bioscan-
ner’s result may possibly be the results of venous
pooling and arterial vasodilation or arterial pressure
following the release of compression of the residual
limb from the prosthetic socket and the accumulation
of metabolites after the first intervals of walking [47].
Nevertheles, according to Sanders et al. [35], walking
exercise with transtibial amputees affected only 39.3%
of the total session fluid volume change.

Further analysis on the accuracy of the Bioscanner
using 95% CI values resulted in overall CI values of
within the acceptable range (< 1). Analysis on 95% CI
values resulted in CI values within the acceptable
range (<1) to test the reliability of the techniques. The
95% CI values have been used in a related study done
by Boonhong et al. [9] and it is used to determine the
estimation of the reliability and validity of a measure-
ment tool in observing residual limb shape changes. In
this study, the SEM served as an addition statistical
measure and both SEM and the 95% CI yielded high
accuracy and reliability for both Bioscanner and man-
ual methods. Similarly, the limits of agreement re-
vealed that both manual and Bioscanner method may
be interchangeable to one another as the most of the
measurements taken were within the limits of agree-
ment. Additionally, ICC also reflected a high reliabil-
ity and repeatability of the Bioscanner method in
measuring amputee patient. Similarly to the Bioscan-
ner, other hand-held laser devices, such as the Omega
Tracer, has also reported high reliability coefficient
results, thus affirming the technique’s accuracy and
effectiveness and by the evidence presented, it could
be a reliable method for measuring change in residual
shape in clinical practice [12]. Based on the results, it
can be stated that the Bioscanner provides useful in-
formation for understanding whether the prosthetic
socket is meeting the needs of the participant and of-
fering the specified physical changes on daily prosthe-
sis wear [6], [38]. In addition, daily monitoring from
a certain type of activity might assist on early signs of
changes in socket fit and residual limb tissue health.
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Similar remarks made by Chadwell et al. [10] also em-
phasized the need for more community-based daily ac-
tivity monitoring which can benefit in collecting ampu-
tee data to be used in designing better prosthesis. Further
study on other types of amputation, for example the
upper limb, is recommended. The benefit of the Bio-
scanner as a mobile non-contact scanner may also make
it possible to be used to assess limb shape changes for
other activities (e.g., running or climbing). Bioscanner
also could be recommended to track changes of the
body/residual limb response towards prosthesis [27].

5. Conclusion

Bioscanner as a circumference measurement tool
for transtibial residual limbs was presented in this study.
Its accuracy and reliability were demonstrated by tak-
ing daily measurements of a transtibial residual limb
after undergoing walking activity. The preliminary
study compared the measurements taken using the Bio-
scanner with the conventional method. The results of
the Bioscanner are comparable with the manual meas-
urements and may be used as a complementary method
of prosthetic socket fitting, checking, and assessing.
The difference in percentage between the two tech-
niques (less than 1%) were not significant and the re-
sults presented in this study are consistent with multi-
ple similar prior studies. The application of 95% CI
test and SEM are sufficient in stating the accuracy and
reliability of Bioscanner. Thus, based on the study
conducted, Bioscanner provides the useful clinical in-
sight towards understanding and managing limb shape
change with transtibial amputation. Further investiga-
tions can be conducted by using Bioscanner to com-
pare residual limb shape changes based on other vari-
ables, such as body mass index, walking cadence,
limb length and cause of amputation.
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