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Abstract
Background  Gap tension is an important factor influencing the clinical outcomes of total knee arthroplasty (TKA). 
Traditional mechanical alignment (MA) places importance on neutral alignment and often requires additional soft 
tissue releases, which may be related to patient dissatisfaction. Conversely, the functional alignment requires less 
soft tissue release to achieve gap balance. Conventional gap tension instruments present several shortcomings in 
practice. The aim of this study is to introduce a new gap balancing technique with FA using the modified spacer-
based gap tool and the MAKO robotic arm system.

Methods  A total of 22 consecutive patients underwent primary TKA using the MAKO robotic arm system. The gap 
tension was assessed and adjusted with the modified spacer-based gap tool during the operation. Patient satisfaction 
was evaluated post-operatively with a 5-point Likert scale. Clinical outcomes including lower limb alignment, Knee 
Society Score (KSS) and Western Ontario and McMaster Universities Arthritis Index (WOMAC) were recorded before 
surgery, 3 months and 1 year after surgery.

Results  The range of motion (ROM) was significantly increased (p < 0.001) and no patients presented flexion 
contracture after the surgery. KSS and WOMAC score were significantly improved at 3 months and 1 year follow-up 
(p < 0.001 for all). During the surgery, the adjusted tibial cut showed more varus than planned and the adjusted 
femoral cut presented more external rotation than planned (p < 0.05 for both). The final hip-knee-ankle angle (HKA) 
was also more varus than planned (p < 0.05).

Conclusions  This kind of spacer-based gap balancing technique accompanied with the MAKO robotic arm system 
could promise controlled lower limb alignment and improved functional outcomes after TKA.
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Backgrounds
Traditional mechanical alignment (MA) in total knee 
arthroplasty (TKA) aims to achieve a neutral alignment 
by adjusting the bone resection perpendicular to femoral 
and tibial mechanical axes [1]. This technology presents 
convincing implant survivorship, but the patient satisfac-
tion rate remains relatively low, which may be contrib-
uted to the additional soft tissue release when adjusting 
the gap balance [2, 3]. To achieve gap balancing, the 
concept of alignment in TKA is continuously evolving. 
Howell et al. proposed the kinematic alignment (KA) 
technique, which aims to perform symmetric anatomic 
resection on tibia and femur to replicate the individual’s 
native limb alignment and joint line of pre-arthritic sta-
tus [4]. KA features preserve individual anatomical struc-
ture and potentially improve clinical outcomes, although 
a concern with KA is that unrestricted alignment may 
increase the risk of aseptic loosening. Functional align-
ment (FA) is another new technique that refers to the 
approach of positioning components in a manner that 
minimally impacts the soft-tissue envelope of the knee, 
thereby restoring the plane and obliquity of the joint 
as dictated by the soft tissue [5]. FA achieves balanced 
extension-flexion gaps and soft tissue tension by adjust-
ing bone resections, fine-tuning component positioning, 
and less soft tissue release with robotic arm system [6, 7]. 
Up to now, several robotic arm systems have emerged, 
which elevate the precision of bone resection and are 
outstanding in evaluating the gap size in real time during 
the operation [8–12]. Although current studies have not 
yet shown that robotic systems can obtain better medium 
to long-term functional outcomes [13, 14].

Gap balancing technique aims to obtain equal and bal-
anced gaps by adjusting soft tissue tension. The Mako 
robotic arm system provides two kinds of devices for 
the ligament tension evaluation. One is like a lamina 
spreader that produce symmetrically distracted force 
(Fig. 1A). But this kind of spreader cannot reproduce the 

physiologic varus laxity of the natural knee in flexion, 
consequently placing the femoral prosthesis with more 
external rotation [15]. Furthermore, the appropriate gap 
tension is still undefined, so another issue is the uncertain 
force to be applied [16, 17]. Another tension device is the 
spoon-shaped spacer block, which can be inserted into 
extension and flexion gaps (Fig. 1B). The spacer block has 
the advantage of reproducing native gap properties and 
allowing the surgeon to adjust the knee laxity with more 
fineness [18]. But this kind of device is not convenient in 
practice. Because the straight-designed handle is likely to 
contact the patellar tendon when inserted into the lateral 
gap, which may lead to inaccurate tension evaluation. 
Besides, the curved surface makes it difficult to be fixed 
in the target site during the tension assessment consider-
ing the oblique joint surface.

The purpose of this study is to describe a new spacer-
based gap balancing technique with FA using the MAKO 
robotic arm system (Fig. 2).

Methods
Subjects
Twenty-two consecutive patients (7 males, 15 females, 22 
knees) who underwent primary TKA using the MAKO 
robotic arm system (Stryker, Mahwah, NJ, USA) from 
June to December in 2021 were included in this study. 
All surgeries were performed by a single experienced 
orthopaedic surgeon. The modified spacer-based gap tool 
(Jiangsu Bazheng Medical Technology Co., Ltd) has been 
patented (Publication: CN213249800U) and was used 
under the supervision of the MAKO product specialist. 
The mean age of subjects was 61.3 ± 6.1 years old (51–72 
years). All subjects were diagnosed with knee osteoarthri-
tis and graded III-IV by Kellgren-Lawrence (K-L) classifi-
cation (11 grade III, 11 grade IV), with 17 cases of varus 
knee and 5 cases of valgus knee. Patients with a history of 
trauma or surgery on the operative knee were excluded. 
The implant used included posterior-stabilized (PS) and 

Fig. 1  (A) The lamina spreader like tension device. (B) The spoon-shaped spacer block with different thickness
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cruciate-retaining (CR) types (16 PS, 6 CR) (Table 1). The 
surgeons who measured and evaluated clinical outcomes 
were blinded. Written informed consent was obtained 
from all patients for the use of their data and images in 
research. This study was conducted after approval by the 
Institutional Review Board of Nanjing Drum Tower Hos-
pital (2022 − 668).

Pre-operative management
Pre-operatively, the hip-knee-ankle angle (HKA) was 
measured from standard long-standing anteroposterior 
radiographs. Knee function was recorded using Knee 
Society Score (KSS) and Western Ontario and McMaster 
Universities Arthritis Index (WOMAC).

Operative procedures
All MAKO robotic arm-assisted TKA surgeries were per-
formed by a single surgeon. After exposing the knee joint 
with the medial parapatellar approach, reflective array 
insertion and landmark registration were performed 
following the MAKO TKA Surgical Guide. Then intra-
operative ligament balancing adjustment was conducted 
as below:

Step 1: pre-evaluation of maximal extension and flexion gaps
Complete removal of osteophytes could raise the accu-
racy of gap measurement and ligament tension assess-
ment, as osteophytes may misestimate both gaps and 
tension. After removal of osteophytes, native ligament 
tension was pre-assessed using the varus and valgus test 
at extension (-3°∼20° of knee flexion) and 90° of flexion 
(85°∼95° of knee flexion). The medial/lateral gap size 
under the valgus/varus test indicated the maximal gap 
distance under the current resection planning.

Table 1  Patient demographic
Patient demographic Total (N = 22)
Age (y)
  Mean (SD) 61.3 (6.1)
  Range 51–72
Gender
  Male 7
  Female 15
Side
  Right 12
  Left 10
Preoperative K-L classification
  III 11
  IV 11
Preoperative HKA (°)
  Mean (SD) 175.2 (6.7)
  Range 165–187
LDFA (°)
  Mean (SD) 87.4 (3.4)
  Range 80–95
MPTA (°)
  Mean (SD) 85.4 (3.0)
  Range 77–90
JLCA (°)
  Mean (SD) 3.9 (2.3)
  Range 0–8
Implant type
  PS 16
  CR 6
Weight (kg)
  Mean (SD) 69.9 (8.9)
  Range 54–84
Height (cm)
  Mean (SD) 161.3 (8.1)
  Range 149–173
BMI (kg/m2)
  Mean (SD) 26.9 (2.7)
  Range 20.3–30.3
SD: standard deviation; BMI: body mass index; HKA: hip-knee-ankle angle 
(measured medially); LDFA: lateral distal femoral angle; MPTA: medial proximal 
tibial angle; JLCA: joint line convergence angle

Fig. 2  The modified spacer-based gap tool is comprised of two plates 
with flat surface connected by a handle with an offset lever. (A) The thick-
ness of plates ranges from 5–12  mm with 1  mm interval (B) The latest 
version has increased the thickness range: 1–22 mm with 1 mm interval)
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Step 2: tibial resection adjustments to obtain equal extension 
and flexion gaps
The aim of this step was to obtain equal extension and 
90° of flexion gaps of around 19 mm. The values of gap 
encompassed the distance between the proximal tibial 
cut surface and the distal and posterior femoral cuts 
surface in extension and flexion, respectively, while also 
accounting for the combined thickness of the implants 
and polyethylene insertion (9  mm) as recommended 
by the MAKO guideline. In patients with severe tibial 
bone defect, the surgeon can change the gap target to 
21–23 mm for 11–13 mm insertion. One or more of the 
following methods could be applied to achieve equal 
extension and flexion gaps, but the overall limb align-
ment on the coronal plane should be limited between 3° 
of valgus and 3° of varus [19]:

 	• If extension and flexion gaps were not balanced with 
less than 19 mm, the surgeon could increase more 
tibial resection medially or laterally.

 	• If extension and flexion gaps were balanced but not 
equal to 19 mm, the surgeon could lower or raise the 
resection level to manipulate medial and lateral gaps 
simultaneously, and could also adjust the posterior 
slope of the tibia to increase or decrease flexion 
gaps (within 0°-3° for PS prosthesis and 5° for CR 
prosthesis).

When the medial and lateral gaps were around 19  mm 
with difference within 1  mm, tibial resection was pro-
ceeded first. But in practice, most cases cannot receive 
appropriate flexion gaps at this step, which can be further 
adjusted at the next step.

Step 3: ligament tension assessment with modified gap plate 
instrument
All osteophytes were carefully removed after completing 
the tibial cut. The aim of this step was to apply modified 
gap plate to obtain equal extension and flexion gaps of 
around 19  mm with appropriate ligament tension. Gap 
plates with different thickness were inserted into the 
medial and lateral gap together. Suitable thickness was 
determined by the surgeon’s experience, which could 
refer to the two standards as below [20, 21].

 	• After inserting gap plates, the surgeon could apply 
varus and valgus test, if the increase of medial/lateral 
gap distance under valgus/varus test was less than 
2 mm, the corresponding ligament tension could be 
considered suitable.

 	• After inserting gap plates, the medial and lateral 
collateral ligaments were a little tight but still elastic. 
And when pulling out gap plates, the surgeon could 

feel the resistance. The medial gap was allowed to be 
a little tighter than the lateral gap.

If the gap was not balanced to 19 mm, one or more of the 
following methods could be applied. The coronal align-
ment should be limited to 6° varus to 3° valgus for tibia 
component, 6° valgus to 3° varus for femoral component, 
and 3° varus to 3° valgus for HKA [22]. If not, soft tissue 
release would be performed till the alignment was con-
trolled in the safe range.

 	• If only flexion or extension gap needed to be 
balanced, the surgeon can adjust the rotation or 
varus/valgus alignment of the femoral component.

 	• If flexion gap was balanced but not equal to 19 mm, 
the surgeon could position the femoral component 
more anterior or posterior to manipulate the flexion 
gap, while avoiding anterior femoral notching and 
femoral component overhanging.

 	• If extension gap was balanced but not equal to 
19 mm, the surgeon could position the femoral 
component more distal or proximal to manipulate 
the extension gap.

Step 4: final assessment of gap balance
When the medial and lateral gaps were around 19  mm 
with difference within 1  mm and optimal ligament ten-
sion was obtained, femoral resection was proceeded. 
After trial and final implants were placed, gap balance 
could be reassessed with the method described at Step 3.

Post-operative management
Post-operative analgesia was applied routinely in patients 
without renal insufficiency, including intravenous 
parecoxib and buprenorphine transdermal patch. Each 
patient was encouraged to walk with a walker frame 
under the guidance of rehabilitation physicians within 3 
days after surgery. Lower limb alignment was evaluated 
at 3 months after surgery and knee function was evalu-
ated at 3 months and 1 year of follow-up. A 5-point Lik-
ert scale (very satisfied, satisfied, neutral, dissatisfied, 
very dissatisfied) was used to evaluate patient satisfaction 
at 1 year of follow-up.

Statistical analysis
Statistical analysis was conducted using the SPSS 25 
(IBM Corp., Armonk, NY, USA). Shapiro-Wilk test was 
used to assess data normality. Wilcoxon signed-rank test 
and two-tailed paired t-test analyzed non-normal and 
normal data, respectively, for bone resection parameters. 
The statistical difference between pre and postoperative 
HKA was analyzed using Wilcoxon signed-rank test. 
One-way ANOVA and Bonferroni method were used for 
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clinical outcome measures and multiple comparison cor-
rection. A p-value of < 0.05 was considered statistically 
significant.

Results
During the surgery, the final gap distance was 
18.6 ± 0.7  mm (18–20  mm) medially and 19.0 ± 1.0  mm 
(18–21  mm) laterally at extension and 18.6 ± 0.7  mm 
(17–20 mm) medially and 18.6 ± 0.5 mm (18–19 mm) lat-
erally at 90° of flexion. All 22 patients were followed up at 
3 months and 1 year after surgery. Lower limb presented 
more neutral alignment after surgery (175.2° ± 6.7° vs. 
179.4° ± 2.9°) based on standard long-standing antero-
posterior radiographs. The mean preoperative knee 
extension was 7.6° ± 4.6° (0°-15°) and flexion was 88.6° ± 
4.1° (80°-95°). Among the 22 patients, 9 were recorded 
as ‘very satisfied’, 11 as ‘satisfied’, and 2 as ‘neutral’. No 
patients presented knee flexion contracture after surgery. 
The post-operative flexion was significantly improved at 

3-months follow-up (109.1° ± 7.3° (100°-125°) vs. 88.6° 
± 4.1° (80°-95°), p < 0.001) and at 1-year follow-up com-
pared to 3-months follow-up (116.6° ± 7.3° (105°-130°) vs. 
109.1° ± 7.3° (100°-125°), p < 0.001) (Table 2).

The intra-operative bone resection parameters were 
shown in Table  3. The planned and adjusted tibial cut 
varus angle were 0.4° ± 1.2° and 1.1° ± 1.2°, respectively 
(p < 0.05). There was a statistical difference of the external 
rotation angle of femoral cut (with respect to trans-epi-
condylar axis (TEA)) between the planned and adjusted 
measures (1.6° ± 2.4° vs. 2.7° ± 2.5°, p < 0.05). The adjusted 
HKA was significantly more varus than planned (178.2° ± 
1.9° vs. 179.7° ± 0.8°, p < 0.05).

WOMAC score was significantly improved at 3-months 
follow-up and at 1-year follow-up compared to 3-months 
follow-up, including pain (8.7 ± 1.6 vs. 2.8 ± 1.2 and 
2.8 ± 1.2 vs. 0.7 ± 0.8, p < 0.001 for both), stiffness (2.5 ± 1.1 
vs. 0.6 ± 0.5 and 0.6 ± 0.5 vs. 0.0 ± 0.0, p < 0.001 for both), 
physical function (35.9 ± 6.4 vs. 7.5 ± 1.9 and 7.5 ± 1.9 
vs. 3.9 ± 1.5, p < 0.001 for both), and total (47.1 ± 7.6 vs. 
11.0 ± 3.1 and 11.0 ± 3.1 vs. 4.5 ± 2.0, p < 0.001 for both). 
KSS score was also significantly improved at 3-months 
follow-up and at 1-year follow-up compared to 3-months 
follow-up, including clinical score (51.0 ± 10.7 vs. 
84.1 ± 3.8 and 84.1 ± 3.8 vs. 91.0 ± 4.3, p < 0.001) and func-
tional score (34.5 ± 15.9 vs. 78.4 ± 4.7 and 78.4 ± 4.7 vs. 
87.5 ± 5.7, p < 0.001) (Table 2).

Case demonstration
Pre-operative management
A 58-year-old male underwent MAKO robotic arm-
assisted TKA for the right knee with osteoarthritis. 
Pre-operative HKA was 172° (Fig. 3). The pre-operative 
range of motion (ROM) of the right knee was 10°-85°. 
The pre-operative WOMAC score was 8 for pain, 1 for 
stiffness, 40 for physical function, and 49 for total. The 

Table 2  Pre-operative and post-operative clinical outcome measures
Clinical outcomes Pre-operative 3-month follow up 1-year follow-up p-value

Mean (SD) Range Mean (SD) Range Mean (SD) Range p1 p2 p3
HKA (°) 175.2 (6.7) 165–187 179.4 (2.9) 177–183 < 0.001 N/A N/A
ROM (°)
  Extension 7.6 (4.6) 0–15 0.0 (0.0) 0–0 0.0 (0.0) 0–0 < 0.001 NS < 0.001
  Flexion 88.6 (4.1) 80–95 109.1 (7.3) 100–125 116.6 (7.3) 105–130 < 0.001 < 0.001 < 0.001
WOMAC
  Pain 8.7 (1.6) 6–11 2.8 (1.2) 1–5 0.7 (0.8) 0–2 < 0.001 < 0.001 < 0.001
  Stiffness 2.5 (1.1) 1–4 0.6 (0.5) 0–1 0.0 (0.0) 0–0 < 0.001 < 0.001 < 0.001
  Physical function
  Total

35.9 (6.4)
47.1 (7.6)

21–45
32–58

7.5 (1.9)
11.0 (3.1)

4–11
6–16

3.9 (1.5)
4.5 (2.0)

2–6
2–8

< 0.001
< 0.001

< 0.001
< 0.001

< 0.001
< 0.001

KSS
  Clinical score 51.0 (10.7) 29–67 84.1 (3.8) 80–90 91.0 (4.3) 82–95 < 0.001 < 0.001 < 0.001
  Functional score 34.5 (15.9) 10–60 78.4 (4.7) 70–85 87.5(5.7) 80–95 < 0.001 < 0.001 < 0.001
SD: standard deviation; HKA: hip-knee-ankle angle (measured medially); ROM: range of motion; WOMAC: Western Ontario and McMaster Universities Arthritis Index; 
KSS: Knee Society Score; p1: comparison between pre-operation and 3-month follow-up; p2: comparison between 3-month and 1-year follow-up; p3: comparison 
between pre-operation and 1-year follow-up

Table 3  Parameters for planned and adjusted bone resection in 
robotic arm system

Planned Adjusted p-value
Mean 
(SD)

Range Mean 
(SD)

Range

HKA (°) 179.7 
(0.8)

177–180 178.2 
(1.9)

175–182 < 0.05

Tibia
  Varus cut (°) 0.4 (1.2) 0–5 1.1 (1.5) -1-5 < 0.05
  Posterior slope (°) 2.8 (1.6) 1–5 3.0 (1.5) 1–5 = 0.18
Femur
  Varus cut (°) -0.1 (0.4) -2-0 0.1 (1.4) -3-3 = 0.475
  External rotation 
cut (°)

1.6 (2.4) -3-6 2.7 (2.5) -1-8 < 0.05

  Implant flexion 
(°)

2.2 (1.9) 0–5 2.0 (2.1) -1-5 = 0.458

SD: standard deviation; HKA: hip-knee-ankle angle (measured medially)
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pre-operative KSS score was 48 for clinical score and 30 
for functional score. PS implant was used in the surgery.

Surgical procedure
Step 1  After removing visible osteophytes, native knee 
ligament tension was pre-assessed using varus-valgus test 
at extension and 90° of flexion. The maximum medial and 
lateral gap was 15 and 17 mm at extension (Fig. 4A and 
B) and the maximum medial and lateral gap was 11 and 
19 mm at 90° of flexion (Fig. 4C and D).

Step 2  In this case, the medial gaps were smaller than 
19  mm at extension and 90° of flexion, so the surgeon 
locked the tibial cut laterally and applied 1° of varus on 
the coronal plane and increased 1° of posterior slope on 
the sagittal plane. Then the surgeon obtained a balanced 
extension gap of 19 mm, but the flexion gap was still not 
balanced limited to the safe zone of alignment (Fig. 5A 
and B).

Step 3  After completing the tibial resection, the residual 
osteophytes surrounding the femoral posterior condyles 
were then removed to obtain more accurate ligament ten-
sion. Gap plates with suitable thickness were inserted into 
medial and lateral gaps at extension first. No additional 
adjustments of the femoral distal resection were required 
because the extension gap was balanced with the gap dis-
tance of 19 mm (Fig. 6A and B). Then gap plates with suit-
able thickness were inserted into medial and lateral gaps 
at 90° of flexion. Because the flexion gap was not balanced 
(Fig. 5B), the surgeon placed the femoral component 
more anterior and applied 4° more external rotation rela-
tive to the trans-epicondylar axis (TEA) to equalize gaps 
to 19 mm (Fig. 6C and D).

Step 4  After the femoral resection was accomplished, 
trial and final implants were placed and the gap balance 
was reassessed again using the method described before. 
In this case, the surgeon chose size 5 for femoral implant, 
size 5 for tibial implant, and 9 mm for polyethylene insert. 
Well balanced gaps of 19 mm with appropriate ligament 
tension were obtained after placing final components (Fig. 
7A and B).

Post-operative outcomes
The post-operative HKA measured from the standard 
long-standing anteroposterior radiograph was 178° (Fig. 
8). The ROM of the right knee was 0°-105° and 0°-115° 
at 3-months and 1-year follow-up. The level of patient 
satisfaction was recorded as ‘very satisfied’ after surgery. 
WOMAC score at 3-months and 1-year follow-up was 1 
and 0 for pain, 0 and 0 for stiffness, 8 and 4 for physi-
cal function, and 9 and 4 for total score. KSS score at 

Fig. 3  Pre-operative HKA was 172° measured medially from the standard 
long-standing anteroposterior radiograph
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3-months and 1-year follow-up was 86 and 93 for clinical 
score, and 75 and 90 for functional score.

Discussion
Limb alignment, flexion-extension gap balancing, and 
soft tissue tension are important roles in impacting 
patient satisfaction, functional outcomes, and compo-
nent survivorship after TKA [19, 20]. In this study, a 
new gap balancing technique with FA using the MAKO 
robotic arm system was described, which presented con-
trolled limb alignment and satisfied clinical outcomes.

There are some individuals have constitutional varus 
knee and obliquity of native knee joint line in the general 
population [23]. Classical MA technique is designed to 
achieve a neutral alignment. But for cases with serious 
varus or valgus deformity, soft tissue release is always 
necessary to obtain balanced gap tension, which is con-
sidered as one important factor contributing pain and 
patient dissatisfaction after TKA [2, 24]. KA technique 
involves performing parallel bone resections to recon-
struct the joint surface with the purpose of restoring 
the original anatomical structure and kinematics [4]. To 
promote better kinematics, some KA techniques utilize 

Fig. 5  After applying 1° more varus on the coronal plane and 1° more posterior slope on the sagittal plane of the tibial resection, (A) a balanced extension 
gap of 19 mm was obtained, (B) but the flexion gap was still not balanced and the medial gap distance was much smaller than 19 mm

 

Fig. 4  (A) The maximum medial gap under valgus test was 15 mm at extension; (B) The maximal lateral gap under varus test was 17 mm at extension; 
(C) The maximum medial gap under valgus test was 11 mm at 90° of flexion; (D) The maximal lateral gap under varus test was 19 mm at 90° of flexion
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asymmetric polyethylene inserts. Further reaserch is 
needed to explore the relationship between polyethylene 
inserts, kinematics, and outcomes [25–27]. Addition-
ally, there were some studies indicated that KA improved 
early functional outcomes, while other studies suggested 
no difference compared to traditional MA [4, 28, 29]. 

Another concern is the higher rate of outliers for KA 
[30]. Although there is research that this does not reduce 
components survivorship, concerns persist about the 
potential increased risk of early revisions due to posi-
tioning components outside the safe zone [31]. In this 
study, all cases were aligned within define range through 

Fig. 7  After placing final implants, balanced gaps of 19 mm with appropriate ligament tension were obtained at (A) extension and (B) 90° of flexion

 

Fig. 6  (A) and (B) No additional adjustments of femoral resection on the coronal plane were required. (C) and (D) The femoral component was placed 
more anterior and 4° of external rotation to obtain balanced gaps of 19 mm
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adjusting bone resections, and soft tissue releases were 
not required. But for patients with severe deformity, soft 
tissue release can be attempted until safe alignment is 
achieved.

The mean post-operative HKA was 179.4° ± 2.9° rang-
ing from 177° to 183° (n = 22). When compared with 
the alignment using the kinematic technique reported 
by McEwen et al., which was 179.0° ± 2.4°ranging from 
174.0° to 183.9° (n = 41) [32], the method of this study 
showed a more controlled HKA. The mean MPTA was 
85.4°, which could explain the more varus of the tibial 
cut. The increased external rotation of the femoral resec-
tion was associated with changes in the flexion gap after 
cutting the cruciate ligament. This adjustment could 
reduce medial soft tissue release while achieving medial 
gap balance. Innocenti et al.’s study indicated the tibial 
component malalignment on the coronal plane was asso-
ciated with increased stress between the bone and poly-
ethylene [33], while another study proposed that tibial 
component malalignment would not increase the pres-
sure of medial or lateral compartments compared with 
those in-range alignment (87° ≤ MPTA ≤ 93°) [30]. In 
this study, the bone resection was tended to be adjusted 
to receive balanced gap, instead of using the soft tissue 
release technique, so the actual tibial cut was more varus 
and the femoral resection was more external rotation and 
as a result, the final HKA was more varus than planned 
during the surgery.

Gap tension is another critical factor affecting clinical 
outcomes after TKA. Research indicated that asymmet-
ric flexion gap could also improve early clinical outcomes 
[34]. Each alignment technique has its proponents, and 
in this study, FA technique was utilized to achieve sym-
metric extension and flexion gaps with minimized soft 
tissue release. To obtain approximately controlled exten-
sion and flexion gaps before ligament tension assess-
ment, complete tibial resection was presented first. 
Conventional tensioner-based gap balancing technique is 
designed to distract the medial and lateral gap with the 
target force by a torque driver and adjust the gap balance 
referring to the gap obliquity. But considering the gap 
tension and differences between medial and lateral gap 
would both change constantly during the arc of flexion in 
native knees, so this kind of device is hard to reproduce 
the physiologic tension of native knees [35]. Tension sen-
sor device has also been developed to quantitate the gap 
tension, but the current technique is more usually applied 
to describe the tension profiles of native and replaced 
knees. And considering the individual difference, the 
target tension is still not unified. Furthermore, extended 
operative time and higher cost also limited the applica-
tion of the tension sensor [36–38]. The modified gap tool 
is like a bisected spacer block. The surgeon could fine-
tune the gap tension by adjusting the medial and lateral 

Fig. 8  Post-operative HKA was 178° measured medially from the standard 
long-standing anteroposterior radiograph
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plate thickness separately, allowing to reproduce the gap 
properties of native knees. In this study, well balanced 
gap with appropriate ligament tension was obtained in all 
22 patients, with 18.6 ± 0.7 mm / 19.0 ± 1.0 mm of medial / 
lateral gap at extension and 18.6 ± 0.7 mm / 18.6 ± 0.5 mm 
of medial / lateral gap at 90° of flexion.

This study has some limitations. First, a larger popula-
tion and longer follow-up would be required to verify the 
effectiveness and reliability of this technique. Second, no 
control group was included for comparison. This deci-
sion was taken for two reasons. First, some studies com-
paring FA with other techniques have shown that FA 
achieved better early outcomes. [39–41]. This study only 
proposed a modified method using the spacer-based gap 
tool accompanied with the MAKO robotic arm system 
for the conduction of FA technique. Then this is a prelim-
inary study and limited to the few patients choosing the 
robotic-assisted TKA, it is hard to conduct a prospective 
randomized controlled trial with other FA technique also 
using the robotic arm system as the control group. Third, 
the ligament tension assessment is still subjective, so this 
kind of gap plates would be further developed to quan-
tify the gap tension and help more beginners conduct gap 
balancing during TKA. Additionally, all surgeries were 
performed by a single surgeon, which could introduce 
bias, as the results may be influenced by the specific skills 
and techniques of this surgeon. Future studies should 
take this into consideration and provide a more compre-
hensive assessment of the instrument’s effectiveness.

Conclusions
This kind of spacer-based gap balancing technique with 
FA using the MAKO robotic arm system could promise 
controlled limb alignment, balanced flexion-extension 
gap, and suitable soft tissue tension, thus improving 
patient satisfaction and functional outcomes after TKA.
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