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Abstract
Background
This study aimed to evaluate the safety and effectiveness of knee exercise within four hours after total knee
arthroplasty (TKA) using a single-joint hybrid assistive limb (HAL-SJ).

Materials and methods
This pilot single-blind randomized controlled trial included participants who underwent TKA for
osteoarthritis and were randomly allocated to the early rehabilitation (n = 14) or control rehabilitation (n = 
16) group. Knee rehabilitation exercises using the HAL-SJ began within four hours postoperatively in the
early group and seven days after surgery in the control group. Knee circumference, range of motion (ROM),
pain, muscle strength, and extension lag were assessed before and one and two weeks after surgery.

Results
Circumferences at 1 and 10 cm from the upper edge of the patella did not differ between the groups before
surgery or one week postoperatively. The extension lag and knee flexion ROM after one week were
significantly better in the early intervention group than in the control group. However, the quadriceps and
hamstring isometric knee strength and pain scores did not differ between the groups at one and two weeks
postoperatively. HAL-SJ-related complications were not reported.

Conclusion
Rehabilitation knee exercises using the HAL-SJ within four hours after TKA improved extension lag and knee
flexion ROM without exacerbating knee swelling and pain.

Categories: Physical Medicine & Rehabilitation, Orthopedics
Keywords: knee range of motion (rom), total knee arthroplasty technique, single-joint hybrid assistive limb,
musculoskeletal rehabilitation, knee osteoarthritis

Introduction
Total knee arthroplasty (TKA) is one of the most common surgical procedures for treating knee osteoarthritis
(OA). The incidence of OA, and thus TKA, is increasing worldwide, increasing the burden on healthcare
systems [1]. Early rehabilitation within 24 hours of TKA is associated with a shorter hospital stay, lower
overall cost, reduced pain, improved range of motion (ROM), and improved muscle strength [2,3].
Additionally, Kubota et al. [4] demonstrated that early rehabilitation within four hours of TKA reduced early
extension ROM loss and pain and improved the gait pattern compared with rehabilitation within two days of
TKA. Therefore, early rehabilitation is crucial for improving knee joint function after TKA.

In recent years, the single-joint hybrid assistive limb (HAL-SJ; Cyberdyne Inc., Tsukuba, Japan) [5] has
attracted attention as a novel rehabilitation device for use after TKA [6]. The HAL-SJ is a neurologically
controlled therapy device supporting knee joint flexion and extension triggered by a patient’s bioelectrical
signals (BES) [7,8]. Previous studies have conducted knee joint extension training using the HAL-SJ after
TKA and reported improved extension lag and gait function without increasing knee pain [6,9,10].

Early rehabilitation may be associated with safety concerns such as pain, increased knee swelling, and
wound dehiscence. However, the safety and efficacy of early rehabilitation using HAL-SJ assistance in
patients who have undergone TKA remain unclear. Therefore, this study evaluated the safety and efficacy of
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knee exercise within four hours after TKA using the HAL-SJ. We hypothesized that early initiation of knee
exercises using the HAL-SJ would enhance knee joint function and reduce pain.

Materials And Methods
Study design
This was a pilot single-blind randomized controlled trial (RCT). The trial has been reported according to the
Consolidated Standards of Reporting Trials (CONSORT) 2010 statement: extension for pilot/feasibility
studies [11]. The participants were blinded to the group allocation to ensure that the allocation did not
influence adherence to the protocol or increase dropout risk. A randomized sequence was generated using
Microsoft Excel for Mac (version 16.82; Microsoft Corporation, Redmond, Washington, DC). The Ethics
Review Committee of our institution approved this study (113786), which was registered with the University
Hospital Medical Information Network on February 21, 2024 (UMIN000053675). The physiotherapists could
not be blinded to the allocation but were encouraged to deliver both interventions with equal enthusiasm.

Patient recruitment
Between June 2021 and August 2022, 40 patients with knee OA underwent primary TKA at our institution
using the Robotic Surgical Assistant Knee System (Zimmer Biomet, Warsaw, IN), and an under-vastus
approach was performed by two surgeons (Figure 1). The strict exclusion criteria were as follows: rheumatoid
arthritis, severe cognitive deficits or mental disorders, a Kellgren-Lawrence score of <2, lower extremity

paralysis, previous tibial osteotomy, revision arthroplasty, body mass index >35 kg/m2, pain that makes
conventional rehabilitation impossible, non-device-related revision surgery, and refusal to participate by
the patient. Seven patients who met one or more of these criteria were excluded (Table 1); 33 patients were
included and assigned to the early rehabilitation (HAL-SJ exercises within four hours of TKA) or control
(HAL-SJ exercises seven days after TKA) groups. 

FIGURE 1: Patient selection flow diagram.
RA, Rheumatoid arthritis; TKA, Total knee arthroplasty
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Characteristics Early group Control group p-value

n 14 16 ―

Males: Females 5:9 3:13 0.263

Age (years) 75.6 ± 5.6 75.1 ± 6.1 0.834

Height (cm) 155.7 ± 10.8 156.1 ± 7.1 0.923

Weight (kg) 62.1 ± 9.1 62.5 ± 8.7 0.903

K/L grade Ⅳ:12, Ⅲ:2 Ⅳ13, Ⅲ:3 0.567

TABLE 1: Patient demographics data (mean ± SD).
 K/L grade, Kellgren–Lawrence grade; SD, Standard deviation

Measurements
The primary outcome parameters were assessed preoperatively and one and two weeks postoperatively,
including the knee circumference 1 and 10 cm from the upper edge of the patella, quadricep and hamstring
isometric knee strength, the passive ROM of the affected knee joint (flexion and extension), and the numeric
rating scale (NRS) pain score; licensed physical therapists evaluated the primary outcomes. The secondary
outcome parameters included HAL-SJ-related complications, such as effects on wound healing, soft tissue
injuries (e.g., muscle fiber tears), and severe complications (e.g., periprosthetic fractures or implant
loosening); orthopedic surgeons assessed the secondary outcomes.

Knee circumference was measured with the participants relaxed in the supine position with the knees
extended. Measurements were taken 1 and 10 cm proximal to the upper edge of the patella using a non-
stretchable tape measure. Two measurements were performed, and the mean of the two recordings was used
for analysis. Previous studies have demonstrated excellent intra-rater and good inter-rater reliabilities for
circumference measurements using a tape measure [12]. Quadriceps and hamstring strengths were measured
using a handheld dynamometer (HHD; μTas F-1; ANIMA Co., Tokyo, Japan). HHD assessments were
conducted using a technique validated for measuring quadriceps and hamstring strength after TKA [13,14].
Isometric knee force was measured as follows: (1) the patient was seated with 90° hip flexion and 90° knee
flexion with the hands on their lap; (2) the physical therapists fixed the dynamometer approximately 5 cm
proximal to the medial malleolus; and (3) the patient exerted a maximal isometric knee force, while the
physical therapists matched the force of the patient with the dynamometer. The HHD force values were
measured in newtons and subsequently normalized as a percentage of the patient’s body weight
(newton/body weight). The HHD force was measured twice within each assessment period, and the
maximum values were used for the analysis. This assessment technique has excellent test-retest reliability
(intraclass correlation = 0.91) for patients undergoing TKA [13]. Passive ROM was measured in 5-degree
increments using a goniometer (Toudaisiki Goniometer; OG Wellness Co., Ltd., Okayama, Japan). Knee pain
was assessed using the NRS on a scale of 0-10 (0 indicating no pain and 10 indicating the worst pain).

Treatment protocol
All patients received 40 minutes of rehabilitation per day, five times per week, during their
hospitalization. The rehabilitation exercise therapy protocol was the same for all patients; however, the
HAL-SJ was started within the first four hours after TKA in the early intervention group and seven days after
TKA in the control group. Postoperative analgesic management did not differ between the groups. The
anesthesiologist administered an adductor canal block using 20 mL ropivacaine (7.5 mg) during surgery,
provided intravenous opioid analgesics as necessary on the first day after surgery, and prescribed oral
celecoxib at a dose of 200 mg/day for one week starting the following day. The rehabilitation protocol was as
follows: on day 0 (surgery day), patients in the control group remained at rest in bed and received no
rehabilitation treatments. In the early intervention group, rehabilitation commenced within four hours after
surgery and consisted mainly of active-assisted mobilization using the HAL-SJ. The BES of the vastus
medialis and biceps femoris muscles were detected using electrodes that were placed based on the Surface
Electromyography for Non-invasive Assessment of Muscles guidelines [15]. In the cybernic voluntary control
mode (AutoEXT/AutoFlx), the patient was supported by BES triggered during the extension and flexion of
the knee joint. The settings were as follows: extension/flexion signal balance of flexion at 80% and extension
at 100%, assist gain adjusted between 20 and 40%, and a torque limit of 50%. The patient was laid in bed,
and extension and flexion movements of the affected knee joint were performed (Figure 2). Knee joint
movement was assisted. Flexion initially started at 90° but increased as soon as the patient could perform
more repetitions; subsequently, it increased to 120°. Five sets of 10 repetitions were performed once daily
(rest between sets: one minute; total duration: approximately 15-20 minutes per unit) [5]. Furthermore,
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both groups received standard treatments to prevent deep vein thrombosis, including calf muscle air
pumping and self-ankle dorsiflexion-plantar flexion exercises. On day one, both groups initiated exercises
in a seated position in bed, wheelchair transfers, standing, short-distance walking, flexion-extension
exercises, and isotonic muscle contraction while seated. From day three until discharge, the activities
included active-resisted quadriceps exercises, progressive walking exercises with aids, increased walking
distance, gait reeducation, and daily life adaptation activities. From day seven until discharge, both groups
performed knee joint extension and flexion exercises for the affected knee using the HAL-SJ while sitting in
bed (Figure 3). Each session comprised five sets of 10 repetitions, performed three times a week, with a one-
minute rest between sets, totaling 15-20 minutes per session [5].

FIGURE 2: Single-joint hybrid assistive limb training within four hours
after surgery.
The patient lies in their bed and performs extension and flexion exercises using the affected knee joint.

FIGURE 3: Patient during exercise with single-joint hybrid assistive limb
attached to the operated knee from one week after total knee
arthroplasty (TKA).
Patients in the early assistance and control groups sit in bed and perform extension and flexion exercises with the
affected knee joint using the single-joint hybrid assistive limb.

Statistical analyses
Statistical analysis was performed by using a Shapiro-Wilk test to assess for data normality. For datasets
that were found to be normally distributed, an independent t-test was used for analysis. Non-normally
distributed data were analyzed with a Mann-Whitney U test. Categorical data were analyzed using chi-square
tests. Cohen’s d was used to calculate the effect size for the statistically significant results. Small, medium,
and large effect sizes were indicated by Cohen’s d values greater than 0.2, 0.5, and 0.8, respectively [16]. All
statistical analyses were performed using R software (version 4.1.2; The R Foundation for Statistical
Computing, Vienna, Austria); statistical significance was set at 0.05.

Results
The sample size of 33 was not formally determined; instead, it was based on a previous pilot RCT that
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evaluated health professional-guided interventions for musculoskeletal conditions [17-19], which was
deemed sufficient for assessing the feasibility criteria. Participants who completed the baseline and follow-
up evaluations were included in the analysis, as recommended by the Consolidated Standards of Reporting
Trials (CONSORT) guidelines [11]. However, three patients (two in the early group and one in the control
group) dropped out because of missing data (n = 2) and postoperative delirium (n = 1). Therefore, 30 patients
(14 in the early group and 16 in the control group) were included in the final evaluation. Patient
demographic and general data were comparable in both groups (Table 1).

The circumferences 1 and 10 cm from the upper edge of the patella did not differ between the groups
preoperatively or one week after TKA (Table 2). Extension lag (7.0 ± 2.7 vs. 11.0 ± 4.8 days, p = 0.019) and
knee flexion ROM (102.8 ± 11.2° vs. 93.7 ± 9.4°, p = 0.022) one week after TKA significantly improved in the
early group compared to those in the control group. However, the quadriceps and hamstring isometric knee
strength and NRS pain scores did not differ between the groups one and two weeks postoperatively.
Furthermore, the hospitalization duration and total days of inpatient rehabilitation (excluding weekends)
did not differ between the groups before and after surgery (Table 3). We faced no complications associated
with HAL-SJ.

Circumferencea
Pre-TKA

Early group Control group p-value Cohen’s d

1 cm 39.5 ± 1.8 38.7 ± 2.3 0.917 0.38

10 cm 42.0 ± 1.2 42.1 ± 2.9 0.626 0.04

Circumferencea
Week 1 after TKA

Early group Control group p-value Cohen’s d

1 cm 40.8 ± 2.3 41.8 ± 2.8 0.410 0.39

10 cm 44.7 ± 1.3 45.1 ± 3.6 0.728 0.06

TABLE 2: Knee circumference of groups (mean ± SD).
aFrom the upper edge of the patella.

SD, Standard deviation; TKA, Total knee arthroplasty
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Clinical results Early group Control group p-value Cohen’s d

Hospitalization duration (days) 17.5 ± 3.3 18.3 ± 3.1 0.441 0.24

Inpatient rehabilitation (days) 12.1 ± 2.4 11.6 ± 1.7 0.654 0.24

Extension lag (days) 7.0 ± 2.7 11.0 ± 4.8 0.019* 1.02

Pre-TKA     

Flexion ROM (°) 110.0 ± 16.0 115.3 ± 16.5 0.492 0.32

Extension ROM (°) –7.8 ± 4.6 –11.2 ± 11.0 0.286 0.40

Quadriceps strength (N/kg) 2.8 ± 1.2 2.9 ± 0.8 0.436 0.09

Hamstring strength (N/kg) 1.6 ± 0.4 2.0 ± 0.5 0.451 0.88

Resting pain NRS 3.8 ± 1.2 4.8 ± 1.1 0.140 0.86

Week 1 after TKA     

Flexion ROM (°) 102.8 ± 11.2 93.7 ± 9.4 0.022* 0.88

Extension ROM (°) –2.8 ± 3.2 –3.7 ± 2.8 0.653 0.30

Resting pain NRS 2.2 ± 1.6 2.6 ± 1.5 0.578 0.25

Walking pain NRS 3.7 ± 1.2 4.2 ± 1.5 0.623 0.37

Week 2 after TKA     

Flexion ROM (°) 115.3 ± 9.7 111.8 ± 8.7 0.647 0.19

Extension ROM (°) –1.4 ± 3.0 –1.5 ± 3.0 0.215 0.10

Quadriceps strength (N/kg) 2.2 ± 1.1 2.3 ± 0.6 0.458 0.24

Hamstring strength (N/kg) 1.3 ± 0.5 1.4 ± 0.4 0.137 0.22

Resting pain NRS 1.0 ± 1.4 1.5 ± 1.2 0.569 0.38

Walking pain NRS 2.1 ± 1.2 2.6 ± 1.3 0.443 0.40

TABLE 3: Postoperative clinical results of groups (mean ± SD).
* p <0.05. NRS, Numeric rating scale; ROM, Range of motion; SD, Standard deviation; TKA, Total knee arthroplasty

Discussion
The results of this study support our hypothesis that early initiation of knee exercises using the HAL-SJ
enhances knee joint function. To the best of our knowledge, this is the first report to demonstrate the safety
and feasibility of the HAL-SJ for orthopedic rehabilitation in the early postoperative period after TKA.

A previous study reported that the HAL-SJ was difficult to use when a continuous femoral nerve block was
performed for postoperative pain management after TKA [5]. Quadricep weakness, which increases the risk
of falling, is a known complication of femoral nerve blocks [20]. However, associations between the adductor
canal block, which blocks the saphenous nerve, and significantly less knee buckling post-TKA and less
quadriceps strength weakness have been reported [21,22]. Therefore, using an adductor canal block in this
study might have allowed the use of the HAL-SJ within four hours postoperatively without exacerbating
pain. In addition, knee circumference and resting and walking NRS pain scores after analgesics did not differ
between the groups, and wound dehiscence and deep vein thrombosis were not observed in either group.
Intraarticular blood accumulation and quadriceps muscle swelling immediately after TKA caused knee
swelling, as assessed by knee circumference [23]. Knee swelling has been associated with exacerbated knee
pain and quadriceps weakness [24,25]. In this study, the HAL-SJ use within four hours postoperatively did
not affect knee swelling; thus, it might have also reduced knee pain. Furthermore, most patients in the early
rehabilitation group did not complain of pain on the same day as the TKA or the following day, probably
because of residual adductor canal block. Thus, using the HAL-SJ for rehabilitation during the early
postoperative period after TKA will likely have good safety characteristics without adverse events.

2024 Watabe et al. Cureus 16(4): e57738. DOI 10.7759/cureus.57738 6 of 9

javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)


This study’s primary finding is that the HAL-SJ group exhibited a significantly improved early extension lag
compared with the control group. Previous studies have reported that HAL-SJ-based training is safe and
effective, leading to instantaneous improvement in extension lag without worsening knee joint
pain [9,10,26,27]. One of the leading causes of extension lag may be quadriceps femoris dysfunction due to
abnormal reflexes [28]. In addition, pain from surgery, damage to soft tissues, and swelling inhibit normal
knee joint movements [4,29]. The BES generated when the patient attempted to extend the knee joint was
detected by the HAL-SJ, which synchronized the extension with the intended motion. Therefore, using the
HAL-SJ within four hours postoperatively significantly improved the extension lag, potentially achieving
early neuromuscular facilitation and motor learning. However, because the follow-up period was short, the
results should be interpreted with clinical caution.

Moreover, patients in the early intervention group had better knee flexion ROM one week after surgery than
those in the control group. An early start to knee joint mobilization after TKA improves knee ROM,
according to previous studies [2,4]. Thus, active-assisted mobilization using the HAL-SJ with knee flexion
from 90° to 120° within four hours after surgery likely contributed to the early improvements in flexion
ROM. Furthermore, most patients in the early rehabilitation group did not complain of pain on the day of
surgery or the day after surgery, probably because of residual intraoperative anesthesia. Therefore, early
HAL-SJ training can be considered a painless ROM exercise that commences within four hours of surgery. 

Limitations
Our study has some limitations. First, the small sample size might have influenced the results. Our pilot
study was conducted over 14 months, and we identified 40 potential participants; however, only 30 (75%)
were eligible. A 10° passive ROM difference between the groups was considered sufficiently clinically
important to increase the treatment frequency. The sample size required to detect a significant difference
(two-sided, α <0.05) of at least 10° ROM between groups, with an assumed standard deviation of 15° and a
power of 0.80, was 37 participants per group [4]. Therefore, at least 99 participants were required for a
sample size of 74. This information will assist in recruitment planning and timelines for future studies.
Second, our follow-up period was short; therefore, future studies with extended follow-up periods are
necessary to obtain long-term results. Thus, although this preliminary study presented positive results, an
RCT with more patients and a longer follow-up period is necessary. Finally, all patients were recruited from a
single university hospital, with some regional selection bias. However, this university hospital admits
patients from several regions, which we believe increases the generalizability of our findings beyond the
studied population.

Conclusions
Using the HAL-SJ within four hours of TKA is safe and feasible and does not exacerbate knee swelling or
pain. Therefore, utilizing the HAL-SJ for rehabilitation in the early postoperative period after TKA will likely
demonstrate safe properties with no adverse events.
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