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Abstract: Lateral wedges are a common conservative treatment for medial knee osteoarthritis
(OA). However, use of lateral wedges might increase the ankle eversion moment. To minimize
the risk of ankle symptoms, lateral wedges with custom arch support are suggested. However, the
manufacturing process of a custom foot orthosis (FO) is complicated, labor-intensive, and time-
consuming. The technology of 3D printing is an ideal method for mass customization. Therefore,
the purpose of this study was to develop custom FOs using 3D-printing techniques and to evaluate
the effects of 3D-printed FOs in patients with knee OA. Fifteen patients with medial knee OA were
enrolled into this study. Kinematic and kinetic data were collected during walking by using an
optical motion capture system. A paired-sample t-test was conducted to compare biomechanical
variables under two conditions: walking in standard shoes (Shoe) and walking in shoes embedded
with 3D-printed FOs (Shoe + FO). The results show that the first and second peak knee adduction
moments were significantly reduced by 4.08% and 9.09% under the Shoe + FO condition. The FOs
alter the biomechanical environment in a way that reduces the variables used to infer abnormal loads
at the knee and ankle that could result in painful symptoms.

Keywords: knee adduction moment; center of pressure; foot orthoses; 3D printing; 3D scan

1. Introduction

Knee osteoarthritis (OA) is one of the most common musculoskeletal diseases in
elderly people. The global age-standardized prevalence of symptomatic knee OA is 3.8% [1].
It affects 8.1% of adults in China and is more common in women (10.3%) than in men
(5.7%) [2]. The medial knee compartment is the site most commonly affected by OA [3].

The primary goal of many treatment approaches is to reduce the medial knee com-
partment contact force. However, it is very difficult to directly measure the medial knee
compartment contact force in vivo. The external knee adduction moment (KAM) is often
used as a surrogate measure of the medial knee compartment contact force; the KAM
increases the contact force by rotating the tibia medially with respect to the femur in the
frontal plane [4,5]. The peak knee flexion moment (KFM) is another important predictor
of peak loading. In a linear regression model, the combination of the peak KAM and
KFM provides a more accurate estimate of the peak medial knee compartment contact
force than the peak KAM alone [6]. Both the KAM and KFM should be employed when
investigating the knee joint loading indirectly. To reduce the KAM, nonsurgical treatment
options include the use of a cane [7], the use of knee braces [8], gait modification [9], and
the use of lateral wedges [10].

Lateral wedges are a common conservative treatment for medial knee OA. They
shift the center of pressure (COP) laterally to decrease the adduction moment arm at the
knee [10]. Previous studies have shown that lateral wedges with an inclination of 5◦

or 6◦ significantly reduced the peak KAM by 4–6% during level walking compared to
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walking without a wedge [10–12]. However, the lateral shift in the COP also increases
the ankle eversion moment (AEM) [13]. This might have implications for patients with
knee OA who have acute ankle sprains or chronic ankle instability [14]. Moreover, the
use of lateral wedges has been indicated to increase eversion of ankle joint [10] and stride
width [15] during walking. An increased stride width increases mediolateral ground
reaction force (GRF), that might influence the reduction of KAM. To minimize the risk of
ankle symptoms in patients with medial knee OA, lateral wedges with custom arch support
are suggested [16]. A previous study showed that when patients with medial knee OA wore
lateral wedges, individual biomechanical responses, such as the frontal plane moment arm
of the GRF at the knee and the peak KAM, ranged from decreases of approximately 25%
to increases of over 20% [17]. A possible explanation for this variability in the responses
is the foot posture. The prescription of orthotic devices should be patient-specific. This is
because various levels of malalignments likely require different FO designs. However, the
manufacturing process of a custom foot orthosis (FO) is complicated, labor-intensive, and
time-consuming.

In the conventional subtractive manufacturing process, materials are removed from a
larger piece to form the FO. In contrast to subtractive manufacturing, additive manufactur-
ing or three-dimensional (3D) printing processes fabricate objects by adding material layer
by layer, and this may be a useful alternative to subtractive manufacturing methodologies.
The technology of 3D printing is an ideal method for mass customization, because it has
the potential for fabricating customized FOs at relatively low prices and eliminates much of
the labor [18]. Moreover, custom FOs fabricated by combining 3D printing with 3D surface
scanning and computer-aided design can produce positive biomechanical effects [19].

Therefore, the purpose of this study was to develop custom FOs using 3D printing
techniques and to evaluate the changes of COP path, and knee and ankle joint moments
in patients wearing the 3D-printed FOs during level walking. This study hypothesized
that the 3D-printed FOs would decrease the peak KAM, KFM, AEM, and ankle inversion
moment (AIM), and shift the COP path laterally.

2. Materials and Methods

This single-group, pretest–posttest trial was conducted to evaluate the efficacy of
using 3D-printed FOs as the intervention in patients with medial knee OA. The present
study focused on the biomechanical effects of 3D-printed FOs and analyzed data for the
participants who wore and did not wear the 3D-printed FOs. All participants completed all
orthotic tests on the same day. The study was approved by the regional ethics committee
and conducted according to the Declaration of Helsinki (protocol code: YM106118E, 31
March 2018).

Sample size was based upon our previous work [20]. The result indicated that a
sample size of fourteen would be enough to detect a 5% difference in peak KAM, with
a statistical power of 80% and a 5% level of significance. Fifteen patients (2 males and
13 females; age, 60.13 ± 6.10 years; height, 1.59 ± 0.05 m; and weight, 70.65 ± 14.16 kg)
with radiographically diagnosed medial knee OA (Kellgren–Lawrence grade I or II) were
recruited for this study. All participants underwent physical examination and met the
American College of Rheumatology criteria [21]. Predominant lateral or patellofemoral
OA, or a history of planned hip or knee replacement, hip or ankle arthritis, rheumatoid
arthritis, and inability to walk without a cane or walker were the exclusion criteria for
this study.

Figure 1 presents the procedure of 3D-printed FO manufacturing. To design and
fabricate 3D-printed FOs, non-weight-bearing 3D surface scans of both feet were taken
with the foot and ankle in the subtalar neutral position by using the EinScan-Pro handheld
3D scanner (Shining 3D Tech Co., Ltd., Hangzhou, China). The generated 3D foot model
was exported as an STL file. The 3D foot model was smoothed and edited using Meshmixer
software (Autodesk Inc., San Rafael, CA, USA). In the software program, we used the
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plantar surface as the shell of FO (Figure 2), extracted the shell of FO, and extruded it to
produce a 2.5-mm-thick FO.
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Figure 2. (a) The shell ends near the metatarsal heads. The distance between the shell end and
the first metatarsal head is approximately 10% of foot length. (b) Medial shell ends near navicular
tuberosity. (c) Lateral and (d) rear edges of shell.

All FOs were manufactured in photosensitive polymer resins with material proper-
ties conducive to producing semi-rigid FOs (tensile strength, 45 MPa; Young’s modulus,
1500 MPa; elongation at break, 30%; shore hardness, 84 D) by using a stereolithography
(SLA) 3D printer (Moai; Peopoly, CA, USA). The SLA 3D printer uses a laser to cure photo-
sensitive polymer resins into 3D objects. Figure 3 demonstrates the rear and medial view
of the 3D-printed FO. The bottom of the 3D-printed FO is not a flat surface. Because of the
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geometric shapes of the 3D-printed FO, it may provide not only medial support but also
lateral support.
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Figure 3. (a) Rear view and (b) medial view of the foot orthosis.

Reflective marker placement was described in the previous work [20]. Moreover,
two clusters of three noncollinear markers on rigid plates were mounted on the skin of
the thigh and shank (Figure 4). Prior to data collection, the participants were allowed to
become familiar with the two experimental conditions: walking in standard shoes (Shoe)
and walking in standard shoes embedded with 3D-printed FOs (Shoe + FO). In this study,
we used kung fu shoes as the standard shoes. The kung fu shoe was made with minimal
lining, a soft toe box, and a flat hard plastic sole. The participants completed five trials
of level walking at the self-selected speed under each condition. The order of the two
experimental conditions was randomized for each participant. An eight-camera motion
analysis system operating at 100 Hz (Vicon MX T20; Vicon Motion Systems Ltd., Oxford,
UK) and three force plates operating at 1000 Hz (AMTI, Advanced Mechanical Technology
Inc., Watertown, MA, USA) were used to measure the kinematic data and GRF.
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removed during dynamic trials.

All data were processed using a custom-written software program (MATLAB 2018a;
MathWorks Inc., Natick, MA, USA). The marker data were filtered using a fourth-order
zero-lag Butterworth 8-Hz low-pass filter. Static reference measurement was conducted
to measure the locations of the markers (medial femoral epicondyle and medial malle-
olus) with respect to the cluster markers and to define neutral joint orientations. These



Appl. Sci. 2021, 11, 4200 5 of 10

two markers were removed for the dynamic trials. The joint angles were obtained following
a z-x-y Cardan rotation sequence. The knee and ankle joint centers were determined based
on the midpoint between the medial and lateral markers. With the measured GRF and
kinematic data, inverse dynamics using Newton–Euler equations of motion were used to
calculate the joint moments of lower limbs, as shown in Equation (1). Moments are reported
herein as external moments. The path of the COP was computed based on the COP position
of the global coordinate system relative to the position of the second metatarsal and heel
markers [22]. The midline of the foot was defined as the vector constructed by the heel and
second metatarsal markers. The KAM during level walking was regarded as the primary
outcome measure. The KFM, ankle joint moment, COP path, and walking speed were
regarded as the secondary outcomes.

⇀
MP = R

.
⇀
H −

⇀
MD −⇀

r D ×
⇀
RD −⇀

r P ×
⇀
RP (1)

In Equation (1),
⇀
MP and

⇀
MD are the proximal and distal joint moments, R is the

rotation matrix,
.
⇀
H is the differential angular momentum,

⇀
r D and

⇀
r P are the vectors from

center of mass to distal and proximal joint centers,
⇀
RD and

⇀
RP are the distal and proximal

reaction forces.
Statistical analyses were performed using IBM SPSS Statistics version 20.0 software

(IBM, Armonk, NY, USA). Prior to statistical analysis, the data were checked for normality
through the Shapiro–Wilk test. Normally distributed results were obtained for all variables
in the analysis. A paired-sample t-test was used to compare the walking speed and peak
joint moments under the Shoe and Shoe + FO conditions. The statistical significance level
was set at 0.05.

3. Results
3.1. Walking Speed

No significant differences in the walking speed were observed between the two
experimental conditions (Table 1).

Table 1. Comparison of the walking speed and biomechanical variables between two conditions: wearing standard shoes
(Shoe) and wearing shoes embedded with 3D-printed FO (Shoe + FO).

Variable Shoe
(Mean ± SD)

Shoe + FO
(Mean ± SD) p Value Effect Size

Walking speed (m/s) 0.977 ± 0.163 0.925 ± 0.146 0.060 0.34
COP at peak KAM (mm) 7.289 ± 3.641 9.998 ± 4.054 0.001 * 0.70

1st peak KAM (N·m·BW−1·LL−1) 0.049 ± 0.018 0.047 ± 0.019 0.042 * 0.11
2nd peak KAM (N·m·BW−1·LL−1) 0.044 ± 0.017 0.040 ± 0.018 0.004 * 0.23

Peak KFM (N·m·BW−1·LL−1) 0.036 ± 0.022 0.034 ± 0.019 0.464 0.10
Peak AEM (N·m·BW−1·LL−1) −0.009 ± 0.005 −0.010 ± 0.006 0.411 0.18
Peak AIM (N·m·BW−1·LL−1) 0.009 ± 0.008 0.007 ± 0.008 0.033 * 0.25

* Significantly different between the two conditions. (COP: center of pressure, KAM: knee adduction moment, KFM: knee flexion moment,
AEM: ankle eversion moment, AIM: ankle inversion moment, BW: body weight, LL: leg length).

3.2. Center of Pressure

Figure 5 reveals the average path of COP under the two conditions. For the Shoe + FO
condition, the COP was more lateral than that under the Shoe condition from the 10% to
90% of the stance phase. Under Shoe + FO, the COP at the peak KAM significantly shifted
laterally by 2.71 mm on average compared with that under the Shoe condition (Table 1).
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3.3. Joint Moments

The KAM presented a two-peak pattern during the stance phase under both experi-
mental conditions (Figure 6a). Therefore, the stance phase in this study was divided into
weight-bearing (0–50%) and propulsion phases (51–100%). The first peak in the weight-
bearing phase and the second peak in the propulsion phase were extracted. The peak KFM
was extracted from the weight-bearing phase (Figure 6b). Moreover, the peak AEM and
AIM were extracted from the entire stance phase (Figure 6c).
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The results showed the first and second peak KAM were significantly reduced by 4.08%
and 9.09%, respectively, on average under the Shoe + FO condition (Table 1). Although the
peak KFM on average was reduced under the Shoe + FO condition, the peak KFM did not
differ significantly under the two experimental conditions. Moreover, the peak AIM was
significantly reduced by 22.22% on average under the Shoe + FO condition. The greater
AEM was observed under the Shoe + FO condition; however, no significant difference was
observed between the two experimental conditions.

4. Discussion

The primary aim of this study was to investigate the biomechanical alterations in knee
and ankle joint kinetics as a result of personalized 3D-printed FOs. The key findings of this
study are that under the Shoe + FO condition, the first and second peak KAMs and the
peak AIM decreased; but no significant differences were observed in the KFM and AEM.
Besides this, the mean value and standard deviation can be used to calculate the effect size.
The Shoe + FO condition exhibited a more lateral shifting compared to the Shoe condition,
with a medium-to-large effect size.
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Changes in the joint moment are due to the magnitude of the GRF, the lever arm
distance between the GRF vector and the joint center, or both [23]. Moreover, the magnitude
of the GRF is associated with walking speed [24]. In the present study, no significant
differences were observed in the walking speed between the two experimental conditions.
Therefore, we can assume that the alternations of the joint moments by the 3D-printed FOs
were due to changes in the COP path.

The reduction of the KAM was caused by the lateral shifting of the COP, decreas-
ing the moment arm around the knee joint, when using lateral wedges [10]. Under the
Shoe + FO condition, a similar pattern of COP trajectory was observed; therefore, the first
and second peak KAMs decreased. This result is in agreement with those of previous
studies [12,25]; there were significant changes in the reduction of the peak KAM in response
to lateral wedges with arch support. However, the 3D-printed FOs in this study were
used without any additional lateral posting wedges. The 3D-printed FOs may provide
lateral support, due to the geometric shapes. A similar design of FO was presented in
our previous study [20]. The FOs reduced the moments at ankle joints in individuals
with flexible flatfoot, but no significant difference was observed in the knee and hip joint
moments. The reason for this difference might be that the individuals with flexible flatfoot
do not have severe problems of malalignment of the lower limbs. Therefore, we believe
that the 3D-printed FO maintained the foot posture in the neutral position as much as
possible during walking, which changed the COP path and contributed to correcting the
malalignment of lower limbs.

The use of lateral wedges increased the AEM and ankle eversion angle. However,
the lateral wedge with an arch support tended to reduce the ankle eversion angle, while
keeping the AEM equal to the level of lateral wedge without an arch support [26]. Although
the ankle eversion angle is not reported in this study, the peak AEM was not affected by
the 3D-printed FOs. To correct the malalignment of lower limbs, the 3D-printed FOs were
semi-rigid and manufactured in photosensitive polymer resins by a 3D printer. In addition,
the FOs were made based on the 3D scanning method, which captured the patients’ foot
shape in the subtalar neutral position. The joint moments in the frontal plane are primarily
responsible for the dynamic stability of the lower extremities [27]. Using 3D-printed FOs as
interventions affected ankle moments that were highly associated with dynamic stability
by decreasing the AIM. The 3D-printed FOs did not influence the AEM but decreased the
AIM and KAM; therefore, it may be reasonable to assume that the 3D-printed FO allowed
the patients with knee OA to walk in a more natural manner.

To investigate the dynamic loading of the knee, the KFM should be considered [6].
However, 3D-printed FOs did not significantly affect the KFM in the present study.
Trepczynski et al. [28] used instrumented prostheses to record in vivo tibiofemoral contact
forces during several activities. They suggested that the KFM considerably contributed
to medial knee contact force only during the activities with high knee flexion, such as
sit-to-stand-to-sit, squatting, and stair negotiation. In this study, the patients with knee
OA were only asked to walk on a level floor; therefore, most of the alteration of medial
knee loading can be explained by the KAM. Moreover, both the first and second peak
KAMs were reduced significantly by the experimental interventions in this study. The
magnitude of the peak KAM is associated with increased disease severity [29], pain [30],
rate of progression [31], and cartilage thickness [32]. Thus, 3D-printed FOs can still produce
positive immediate biomechanical effects in patients with knee OA.

The calculations of knee joint moment need a good accuracy for capturing lower limb
kinematics and calculating joint centers. A previous study investigated the reliability of
five different knee-joint-center estimation techniques (femoral epicondyle, femoral condyle,
tibial ridges, plug-in-gait model, and functional technique) [33]. The knee joint center for
the femoral epicondyle, femoral condyle, and tibial ridges configurations were determined
by the midpoint between the medial and lateral femoral epicondyles, femoral condyle,
and tibial ridge markers. However, they found that no significant differences in the peak
knee adduction between femoral epicondyle and functional configurations. In addition,
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knee joint moments were associated with the highest reliability in all three planes for the
femoral epicondyle configuration. Therefore, the femoral epicondyles technique can be
used to estimate the knee joint center in this study.

The design and manufacture of custom 3D-printed FOs consist of three main steps:
foot geometry capture, FO design, and FO manufacture. The time taken for both the 3D scan
of feet and the FO geometric design was approximately 6 and 10 min, respectively. The print
time of each FO was approximately 6 h. Nevertheless, the traditional fabrication process
for FO normally takes from 7 to 14 days, depending on the manufacturer. The conventional
method of custom-making an FO is to take a plaster cast of the foot, but the use of plaster
casts may have some reliability problems [34]. By contrast, the 3D printer can produce an
orthosis with high dimensional accuracy [35]. In the customized FOs market, the cost for a
pair of custom-made FOs is from 194 to 485 USD in Taiwan. The photosensitive polymer
resins used were approximately 160 mL during printing, and they cost approximately
12 USD. Based on the cost of the podiatrist’s time and business overheads, the cost for
the plaster-cast method is from 20.90 to 37.11 USD [36]. The cost for the 3D scan is from
7.48 to 11.22 USD. The 3D scanner and SLA 3D printer cost 4810 USD and 1295 USD,
respectively. Although the capital costs of 3D scanners are higher, the consumable costs for
the traditional fabrication of FOs are higher. However, the use of a low-cost 3D scanner,
such as the Microsoft Kinect system (Microsoft, Redmond, WA, USA), and a low-cost 3D
printer could fabricate custom FOs similar to traditionally made FOs [37]. The method
provides a solution to digital design and manufacture that potentially overcomes the
limitation of conventional subtraction manufacturing. In addition, an increasing amount
of free open-source software is available, such as the Meshmixer software that we used;
clinical staff can use such software, as it does not require a high level of engineering skill.

Some limitations of the study should be considered. First, patient satisfaction was
not assessed in this study. Moreover, the present study focused on the immediate effects
of 3D-printed FOs in patients with knee OA and did not evaluate long-term responses.
The effects on pain and sensations of comfort should be evaluated over a longer period in
future works. Second, kung fu shoes were used as the standard shoes in this study. Kung
fu shoes have a low-sided cloth upper part and a flat, hard, plastic sole. It remains unclear
whether 3D-printed FOs would alter the biomechanical effects in different types of shoes.

5. Conclusions

This study demonstrated the potential for 3D printing technology in custom FO
manufacture with rapid and cost-effective fabrication. The 3D-printed FOs did not affect
the AEM but caused a decrease in the peak AIM, and the first and second peak KAMs
by changing the COP path laterally. Although the decrease in the KFM from the use of
3D-printed FOs was nonsignificant, such FOs reduce knee joint loading in patients with
knee OA. This study provides a new choice of conservative treatment for knee OA.
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