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Abstract
Objective: To compare efficiency and clinical efficacy of posterior single implant 
crowns (PSIC) fabricated using four digital workflows.
Materials and Methods: Twenty- two patients with one missing first molar were in-
cluded. Each patient received four screw- retained implant crowns fabricated through 
four different workflows including a fully digital workflow with immediate digital im-
pression (Group i- IOS), a fully digital workflow with digital impression after implant 
osseointegration (Group d- IOS), a model- based hybrid workflow using immediate ana-
logue impression (Group i- AI), and a model- based hybrid workflow with conventional 
analogue impression after implant osseointegration (Group d- AI). The crown delivery 
sequence was randomized and blinded. The efficiency for each workflow and clinical 
outcome of each crown were recorded.
Results: The average clinical working time in fully digital workflows (i- IOS 46.90 min, 
d- IOS 45.66 min) was significantly lower than that in the hybrid workflows (i- AI 
54.59 min, d- AI 55.96 min; p < .001). Significantly more laboratory time was spent in 
hybrid workflows (i- AI 839.60 min, d- AI 811.73 min) as compared to fully digital work-
flows (i- IOS 606.25 min, d- IOS 607.83 min, p < .01). No significant differences in the 
chairside time at delivery were found. More crowns in Group i- AI (15%) needed ad-
ditional laboratory interventions than in the other groups (p = .029).
Conclusion: Digital impression and model- free fully digital workflow improved pros-
thetic efficiency in the fabrication of PSIC. With the limitation that the results were 
only applicable to the implant system used and the digital technologies applied, find-
ings suggested that workflows integrating immediate impression with implant surgery 
procedure was clinically applicable for restoration of PSIC.
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1  |  INTRODUC TION

The fabrication of single implant- supported crowns (SIC) by means 
of digital technologies has received significant attention due to its 
improved efficiency and high precision (Hammerle et al., 2015; Sailer 
et al., 2018). Applications of intraoral scans (IOS) simplify the im-
pression procedure, shorten clinical time, and improve comfort of 
treatment (Joda, Ferrari, Gallucci, et al., 2017; Mangano et al., 2017; 
Muhlemann et al., 2022; Richert et al., 2017). Computer aided de-
sign/computer- aided manufacturing (CAD/CAM) technologies and 
five- axis computer numerical control (CNC) milling help effectively 
reducing the accumulated manual operation errors (Joda et al., 2016), 
ensuring data integrity, decreasing material consumption and in-
creasing time efficiency during restoration manufacturing process 
(Joda & Bragger, 2015; Koch et al., 2016; Muhlemann et al., 2021).

Advances in equipment, software and materials offer constant 
evolutions in digital workflows for single implant crowns (Joda 
et al., 2016; Joda & Bragger, 2015; Kapos & Evans, 2014; Ting- Shu 
& Jian, 2015). Hybrid workflows in which conventional impressions, 
models as well as wax- ups were digitized by laboratory scanning have 
been compared to the fully digital workflow which combined model- 
free fabrication, the use of prefabricated abutments, and monolithic 
design of the reconstructions (Muhlemann et al., 2018). It has been 
proven that the later could improve clinical efficiency and produc-
tion quality (Joda & Bragger, 2014; Joda, Ferrari, & Bragger, 2017).

Is it possible to further improve clinical efficiency for the fabri-
cation of SIC? A few studies suggested that the digital impression 
could be taken immediately after implant placement by updating 
implant position to an existing digital impression. Thereby, the SIC 
could be fabricated by means of a model- free fully digital workflow 
and delivered with the same clinical outcome as those made from 
conventional hybrid workflow (Guo et al., 2019; Pan et al., 2019). The 
immediate IOS was proven to be reliable reference for the delivery of 
a posterior SIC 3 months after implant placement (Pan et al., 2019).

Apart from IOS, a prefabricated titanium base (Cooper 
et al., 2010), a digital guide (Oh et al., 2019), and an resin- positioning 
impression post (Lindeboom et al., 2006; Schincaglia et al., 2008; 
Testori et al., 2007) have also been reported as implant position 
recording device to record implant position in analog stone model. 
Commonly, a resin positioning impression post consists of an implant 
transfer post and self- cured acrylic resin. By fixing the resin posi-
tioning impression post into the stone model, the implant position in 
relation to the adjacent teeth was determined.

Evidence for clinical and laboratory time efficiency and clinical 
outcome measures of posterior SICs made from immediate impres-
sion and digital workflows is still lacking. Furthermore, the feasibility 
of immediate digital and analogue impressions for the fabrication of 
single posterior implant crowns needs to be evaluated.

The aim of this double- blind randomized controlled study was to 
evaluate efficiency and prosthetic efficacy of a fully digital workflow 
using immediate digital impressions, compared to three other dig-
ital workflows including a model- based hybrid workflow using im-
mediate analogue impression, a fully digital workflow using digital 

impression 3 months after implant placement, and a model- based 
hybrid workflow using conventional analogue impression 3 months 
after implant placement. The null hypothesis was that there would be 
no difference in the efficiency and no difference in the clinical evalu-
ation of crowns when comparing the four different digital workflows.

2  |  MATERIAL S AND METHODS

2.1  |  Participants

This study was conducted in the Department of Prosthodontics, 
Peking University School and Hospital of Stomatology, and was 
monitored by the Clinic of Fixed and Removable Prosthodontics and 
Dental Material Science, University of Zurich.

The study was reviewed and approved by the Institutional Re-
view Board of Peking University School and Hospital of Stomatol-
ogy (Ethical approval No: PKUSSIRB- 201943027). The study 
had been registered in Chinese Clinical Trial Registry (ChiCTR) 
(ChiCTR1900022421).

This study was undertaken with the understanding and written 
consent of each subject and according to the World Medical Associ-
ation Declaration of Helsinki (version 2013).

The inclusion criteria were:

a. Age ≥ 18 years.
b. Missing single first molar for at least 3 months.
c. Mesial and distal teeth/restorations present and intact.
d. Sufficient bone height and width at implant site (vertical bone 

height ≥ 10 mm, buccal- lingual bone width ≥7 mm).
e. Sufficient prosthetic space (Vertical height ≥5 mm, mesial- distal 

distance ≥6 mm).
f. Willing to receive implant treatment.

The exclusion criteria were:

a. Local or systemic contraindication for implant therapy (i.e., un-
controlled diabetes, hemophilia, metabolic bone disorder, history 
of renal failure, radiation treatment to the head or neck region, 
and current chemotherapy etc.).

b. Smoking ≥10 cigarettes per day.
c. Major guided bone regeneration (GBR) indicated.
d. Implant need submerged healing.
e. Pregnancy.

In this study, 132 patients were screened, and 110 were ex-
cluded. Twenty- two patients who fulfilled the inclusion/exclusion 
criteria and satisfied the following periodontal requirement after the 
hygienic phase were included:

a. Plaque index ≤20%.
b. Bleeding on probing ≤20%.
c. Probing depth at all teeth ≤4 mm.
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    |  1321GUO et al.

2.2  |  Treatment planning and implant surgery

Study flowchart was shown in Figure 1.
For each participant, the clinical examination and cone beam 

computed tomography (CBCT, NewTom VGi, NewTom) were carried 
out for implant planning. An IOS (3Shape Trios® 3Basic, 3ShapeA/S) 
of the maxillary and mandibular arches including the bite registration 
was acquired. Stone models of patient's upper and lower dentitions 
were made from conventional impressions (Impregum Penta, 3M 
ESPE GmbH).

During surgery, full- thickness flap was raised under local anes-
thesia (Primacaine adrenaline 1:100,000, Dentaires Pierre Rolland). 
Each patient received a bone level tapered implant (Straumann Bone 
level Tapered; 4.1 × 10 mm or 4.8 × 10 mm; Roxolid®, SLActive®, In-
stitut Straumann AG) placed in the ideal 3- dimensional prosthetic 
position enabling fabrication and delivery of a screw- retained crown. 
A transmucosal healing abutment (Straumann RC Healing Abutment, 
Institut Straumann AG) was connected and flap was sutured.

2.3  |  Prosthetic procedure with four digital 
workflows for SICs

For each patient, four screw- retained monolithic zirconia crowns 
(Zenostar® T sc, Wieland Dental) on the prefabricated titanium base 
(Straumann RC Variobase, Institut Straumann AG) were fabricated 

following the digital workflows listed below, and Figure 2 summa-
rized the clinical and laboratory process.

a. Immediate IOS group (Group i- IOS): Immediately after im-
plant placement, a scan body (Straumann® RC CARES® Mono 
Scanbody Institut Straumann AG) was connected to the implant. 
The IOS digital impression taken in the first appointment was re-
trieved in the scanner, and the tooth missing area was “cut out” 
in IOS impression. This tooth- missing area with installed implant/
scan body was then re- scanned and integrated into the exist-
ing digital impression. Then crown A was fabricated through a 
model- free fully digital workflow.

b. Immediate Analogue Impression group (Group i- AI): After im-
mediate IOS, an implant transfer post (Straumann RC, Institut 
Straumann AG) was connected to the implant. Self- curing acrylic 
resin (Protemp™ 4, 3 M ESPE GmbH) was applied around the 
transfer post and extended onto the occlusal surface of adjacent 
teeth to generate a resin positioning transfer post (Figure 3), 
which contributed to reduce the chairside time and the risk of 
infection caused by direct contact of the surgical area and im-
pression material. The transfer post was then taken off together 
with the cured resin. In the dental laboratory, the corresponding 
implant analogue was connected. On the stone model made pre-
viously, a hole was prepared in the surgical area to accommodate 
the transfer post and analogue. The resin positioning transfer 
post was then “seated” in the stone model using the cured resin 

F I G U R E  1  Study flowchart. †Time 
efficiency evaluation.
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1322  |    GUO et al.

“wings” as positioning indicator and fixed using pattern resin (GC 
PATTERN RESIN, GC Corporation). Then crown B was fabricated 
through a model- based hybrid digital workflow.

c. Delayed IOS group (Group d- IOS): 3 months after implant surgery, 
a second digital impression was taken with the scan body fixed 
on the implant. A complete IOS of the maxillary and mandibular 
arches including the bite registration were taken. Then crown C 
was fabricated through a model- free fully digital workflow.

d. Delayed Analogue Impression group (Group d- AI): In the same 
appointment and after d- IOS, a conventional open- tray an-
alogue impression was taken using an implant transfer post 
and polyether material. Before the impression, the plastic tray 
(PRESIDENT Impression Tray System, Coltène/Whaledent AG) 
was prepared by grinding a “window” at the implant area and 
then sealing the “window” with a thin layer of wax. A conven-
tional impression was taken for the opposing arch with alginate 

F I G U R E  2  Process of the four digital workflows.

F I G U R E  3  Procedures of immediate analogue implant impression: (a) Recording implant position immediately after surgery using acrylic 
resin; (b) Resin positioning transfer post; (c) Model preparation; (d) Positioning transfer post on the model; (e, f) Fixation of implant analogue.
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    |  1323GUO et al.

(Alginoplast, Kulzer GmbH). Bite registration was taken. Then 
crown D was fabricated through a model- based hybrid workflow.

For Group i- AI and Group d- AI, the stone models were digitalized 
using a laboratory scanner (3Shape D2000, 3ShapeA/S). Digital 
scanning data from the four groups were then imported into the 
same CAD software (Dental Designer, 3Shape). The same settings 
in the CAD software were used for the design of the interproximal 
contact point (−20 μm, meaning 20 μm thicker) and the occlusal con-
tact point (+120 μm, meaning 120 μm thinner) for each group. The 
SICs were fabricated by means of laboratory- based CAM system 
(Zenotec CAM V3, Zenotec Select S2, Thermo- Star M2/P1, Wieland 
Dental). In both model- based hybrid workflow groups (Group i- AI 
and Group d- AI), the final crowns were adjusted on stone models by 
the same technician. Then four crowns were finished and adhesively 
fixed (Panavia 21, Kuraray Noritake Dental Inc.) onto the titanium 
base. The four SICs of each patient were then put into four separate 
sealed envelopes.

2.4  |  Randomization and blinding

Computer- generated randomized try- in sequences of the four SICs 
for the 22 patients were obtained using reduced Latin square ma-
trix (Jacobson & Matthews, 1996). The randomized scheme and se-
quence were generated by an independent investigator (Y.Z.) and 
sent to the dental technician to ensure a randomized CAD sequence. 
The four SICs for each patient were designed independently includ-
ing the gingival emergence profile and crown contour.

At crown delivery, for each patient, an independent investigator 
(Y.Z.) sealed the four crowns in four envelopes marked with 1, 2, 3, 
or 4 according to the randomization scheme and sequence previ-
ously defined. Only this independent investigator was aware of the 
corresponding relation between the number and the randomization 
sequence. Both clinicians and patients were blinded regarding the 
manufacturing process of the four monolithic zirconia crowns. At 
the completion of the study, the independent investigator (Y.Z.) con-
ducted unblinding to announce the actual treatment assignment.

2.5  |  Crown delivery and clinical performance

At the delivery appointment three and a half months following im-
plant surgery, the sequence of chairside delivery of the four SICs 
will be from No.1 to No.4 which was marked on the envelopes. A 
10- min washout period between every two crowns was applied. 
During this period, the healing abutment was reinserted in the im-
plant. Fitting accuracy and quality of each crown were evaluated 
by two prosthodontists (D.G. & S.P.) using modified USPHS cri-
teria (Sailer et al., 2009; Spies et al., 2017). The occlusal contacts 
were checked with Shimstock foil (Arti- Fol shimstock foil, Dr. Jean 
Bausch GmbH & Co.) for light occlusal contacts without lateral oc-
clusal disturbance (Delize et al., 2019). Interproximal contacts were 

checked with dental floss (Colgate Total Tartar Control, Colgate) 
passing through with moderate resistance (Delize et al., 2019). 
 Finally, one SIC was chosen by the prosthodontist (D.G.) as the final 
restoration. The number of crowns in need of chairside adjustments 
in each group was recorded.

2.6  |  Time record

The total working time including impression taking, surgery, labo-
ratory duration, and crown delivery were recorded respectively in 
minutes by a trained dental assistant using a stopwatch (Table 1). 
At crown delivery, the chairside working time only included clinical 
time for chairside adjustment, excluding the laboratory intervention.

2.7  |  Statistical analysis

The primary parameter for sample size calculation was the chairside 
time needed for immediate IOS scans and crown delivery compared 
with chairside time needed for delayed IOS scans and crown de-
livery (minutes [min]). Sample size calculation was conducted with 
reported data from previous research (Pan et al., 2019) using the 
statistical software G*Power (Version 3.1.9.2). Results indicated that 
to obtain 80% power with a significance level of 5% and effect size 
of 0.7 in a repeated- measures analysis, a minimum of 20 patients 
was required to show the difference in chairside time between the 
conventional (25.7 min) and digital (23.2 min) workflow. Accounting 
for dropouts, the sample size was set at 22.

The data were analyzed using SPSS 22.0 software (IBM SPSS 
Statistics v22; IBM Corp). Categorized data were analyzed for gen-
eral descriptive statistics and sorted into row list data. The accuracy 
of four crowns was compared using Cochran's Q test, and pairwise 
comparison was analyzed by McNemar test. After Shapiro– Wilk 
test, some of the data conforming to non- normal distribution, the 
time consumption among four groups was compared using non- 
parametric Friedman test. Pairwise comparison within the group 
was analyzed by Bonferroni method. The time between two groups 
was compared using Wilcoxon signed- rank test. The level of statisti-
cal significance was set at p < .05.

3  |  RESULTS

Thirteen females and nine males with a mean age of 40.7 years were 
recruited in this study. Twenty- two bone level tapered implants 
(Straumann Bone level Tapered; 4.1 × 10 mm, n = 5; 4.8 × 10 mm, 
n = 17) were placed to replace 8 maxillary first molars and 14 man-
dibular first molars. The number of implants in each first molar loca-
tion is shown in Table 2. There were no post- surgical complications 
such as sinus pathologies, inferior alveolar nerve damage, hemor-
rhages, or inflammation observed. All implants achieved successful 
osseointegration without adverse events.
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1324  |    GUO et al.

Table 3 shows the total working time and total chairside treat-
ment time of the four groups, including the time for impression tak-
ing, implant surgery, laboratory procedures and crown delivery. The 
total chairside time in each fully digital workflow group (Group i- 
IOS, 46.90, 41.81/53.39 min; Group d- IOS, 45.66, 40.30/50.49 min) 
was significantly less than that of both hybrid workflows (Group 
i- AI, 54.59, 49.27/57.53 min; Group d- AI, 55.96, 53.33/63.32 min) 
(p < .001). The immediate IOS impression took less time than the 
immediate analogue impression did (Table 4). The clinical chair-
side impression time in workflows using IOS (Group i- IOS, 8.23, 
7.61/9.00 min; Group d- IOS, 6.95, 6.41/7.37 min) was significantly 
less than that in workflows using analogue impression (Group i- 
AI, 14.30, 13.38/15.55 min; Group d- AI, 18.47, 17.90/19.71 min). 
(Table 3).

The laboratory duration of the two model- free fully digital 
workflows (Group i- IOS, 606.25, 604.93/610.83 min; Group d- 
IOS, 607.83, 605.34/613.12 min) was significantly less than that 

of the two model- based hybrid workflows (Group i- AI, 839.60, 
834.47/845.17 min; Group d- AI, 811.73, 807.73/815.50 min). In the 
hybrid workflow using immediate analogue impression (Group i- AI), 
significantly more model fabrication time was needed than that in 
the conventional hybrid workflow (Group d- AI; Table 5).

No significant difference was found in the mean chairside time 
at crown delivery among the four digital workflows (Table 3). For the 
crowns fabricated using two immediate impressions (Group i- IOS, 
0.00, 0.00/2.53 min; Group i- AI, 0.00, 0.00/0.33 min), the time of 
shape and transmucosal contour adjustment was significantly longer 
than that spent for crowns using delayed impressions (Group d- IOS, 
0.00, 0.00/0.00 min; Group d- AI, 0.00, 0.00/0.00 min) (Table 6).

Out of the 88 crowns, 80 needed occlusal adjustments, espe-
cially in the lateral excursion. The number of crowns that needed 
interproximal adjustment (12 mesial and 11 distal) in Group i- AI were 
significantly larger than those in the other three groups (Table 7).

There were significantly more events in Group i- AI (10/66) that 
needed laboratory intervention than in the other three groups 
(p = .029). According to the results of McNemar test, more labo-
ratory interventions were required for the Group i- AI compared 
to the Group d- IOS (p = .039) and the Group d- AI (p = .039). The 
other paired comparison results did not show statistical differences 

TA B L E  1  Procedures with time recorded in the four digital workflows (minutes).

Implant surgery Impression taking Laboratory durationa Crown delivery

i- IOS Anesthesia
Implant placement
Suture

Before surgery:
Full- arch IOS before surgery
Bite registration
Shade selection
After implant placement:
Connection of scan body
Updating implant position
Healing abutment connection

Data transfer into CAD
CAD
CAM (including sintering)
Finalization of crown

Interproximal 
adjustments

Occlusal adjustments

i- AI Anesthesia
Implant placement
Suture

Before surgery:
Impression tray preparation
Impressions of both jaws
Bite registration
Shade selection
After implant placement:
Connection of transfer post and record 

its position with resin
Healing abutment connection

Impression disinfection
Fabrication of models (including stone setting)
Fixation of analogue in stone model
Model scanning
Data transfer into CAD
CAD
CAM (including sintering)
Adjustments on stone models
Finalization of crown

Interproximal 
adjustments

Occlusal adjustments

d- IOS Anesthesia
Implant placement
Suture

Healing abutment removal
Connection of scan body
Full- arch IOS
Healing abutment connection
Bite registration
Shade selection

Data transfer into CAD
CAD
CAM (including sintering)
Finalization of crown

Interproximal 
adjustments

Occlusal adjustments

d- AI Anesthesia
Implant placement
Suture

Impression tray preparation
Healing abutment removal
Connection of transfer post
Impressions of both jaws
Healing abutment connection
Bite registration
Shade selection

Impression disinfection
Fabrication of models (including stone setting)
Model scanning
Data transfer into CAD
CAD
CAM (including sintering)
Adjustments on stone models
Finalization of crown

Interproximal 
adjustments

Occlusal adjustments

aLaboratory duration includes manual operation and waiting time.

TA B L E  2  The number of implants in each first molar location.

First molar location 16 26 36 46

Number of implants 3 5 9 5
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    |  1325GUO et al.

(Table 8). Four crowns for one patient showed severe color mismatch 
with the natural teeth. Other crowns showed good results in margin 
integrity, contour and esthetics.

3.1  |  USPHS criteria

Except for the four crowns with mismatched color from one patient, 
all other 84 crowns met the “A” score of modified USPHS criteria 
in the aspect of color, surface roughness, contour, and marginal 
integrity.

TA B L E  3  Mean full working time and chairside treatment time of the four digital workflows (median, Q25/Q75, minutes) (n = 22).

Group i- IOS Group i- AI Group d- IOS Group d- AI p(χ2, df)

Impression taking 8.23 (7.61, 9.00) 14.30 (13.38, 15.55) 6.95 (6.41, 7.37) 18.47 (17.90, 19.71) <.001* (62.564, 3)

Implant surgery 31.50 (28.00, 36.00) 31.50 (28.00, 36.00) 31.50 (28.00, 36.00) 31.50 (28.00, 36.00) /

Laboratory procedures 606.25 (604.93, 610.83) 839.60 (834.47, 845.17) 607.83 (605.34, 613.12) 811.73 (807.73, 815.50) <.001* (59.891, 3)

Crown delivery 6.49 (3.95, 8.20) 6.89 (4.43, 10.01) 6.81 (3.00, 8.84) 5.69 (1.83, 9.91) .288 (3.764, 3)

Total chairside time 46.90 (41.81, 53.39) 54.59 (49.27, 57.53) 45.66 (40.30, 50.49) 55.96 (53.33, 63.32) <.001* (35.450, 3)

Full time 653.12 (649.50, 664.15) 895.10 (886.55, 899.43) 654.53 (647.50, 662.02) 869.05 (861.01, 878.69) <.001* (59.400, 3)

*p < .05.

Immediate 
impression Before surgery

After implant 
placement Total

IOS 3.75 (3.39, 4.20) 4.55 (3.83, 4.83) 8.23 (7.61, 9.00)

Analogue 8.15 (7.60, 8.70) 6.30 (5.68, 7.18) 14.30 (13.38, 15.55)

p(Z) <.001* (−4.109) .001* (−3.117) <.001* (−4.075)

*p < .05.

TA B L E  4  Mean time for immediate 
IOS & immediate analogue impressions 
(Median, Q25/Q75, minutes) (n = 22).

TA B L E  5  Laboratory working time of four digital workflows (Median, Q25/Q75, minutes) (n = 22).

Laboratory 
procedures Group i- IOS Group i- AI Group d- IOS Group d- AI p(χ2, df)

Model fabricationa NA 217.18 (213.08, 220.72) NA 189.09 (188.64, 189.40) <.001*

Model scanninga NA 4.46 (4.33, 4.54) NA 4.34 (4.28, 4.51) .121

Data transfer 1.0 (0.9, 1.1) 1.0 (0.9, 1.1) 1.0 (0.9, 1.1) 1.0 (0.9, 1.1) /

CAD 8.55 (7.98, 9.73) 8.63 (8.00, 9.30) 8.60 (8.24, 9.42) 8.39 (7.85, 8.87) .139 (2.067, 3)

Milling and sintering 553.38 (552.66, 553.78) 553.38 (552.66, 553.78) 553.38 (552.66, 553.78) 553.38 (552.66, 553.78) /

Try- in on modela NA 9.5 (7.01, 12.25) NA 9.0 (7.35, 11.00) .161

Finalization 44 (43, 46) 45 (42.75, 46) 45 (42, 49.25) 45.01 (44.45, 47.25) .316 (3.535, 3)

Total 606.25 (604.93, 610.83) 839.60 (834.47, 845.17) 607.83 (605.34, 613.12) 811.73 (807.73, 815.50) .001* (59.891, 3)

aThe time between groups was compared using Wilcoxon signed- rank test and the result was reported with p value.
*p < .05.

TA B L E  6  Clinical fitting and adjusting time of four digital workflows (Median, Q25/Q75, minutes) (n = 22).

Adjustment time Group i- IOS Group i- AI Group d- IOS Group d- AI p(χ2, df)

Interproximal 0.00 (0.00, 3.28) 0.69 (0.00, 3.57) 0.00 (0.00, 2.49) 0.00 (0.00, 2.30) .151 (5.306, 3)

Occlusal 3.59 (1.36, 5.40) 4.16 (3.20, 5.45) 3.60 (0, 7.01) 4.40 (1.83, 6.90) .269 (3.932, 3)

Contour 0.00 (0.00, 2.53) 0.00 (0.00, 0.33) 0.00 (0.00, 0.00) 0.00 (0.00, 0.00) .044* (8.104, 3)

*p < .05.

TA B L E  7  The number of crowns that received clinical 
adjustment at delivery.

Group

Interproximal 
adjustment

Occlusal 
adjustment

Contour 
adjustmentMesial Distal

i- IOS (n = 22) 6 8 20 5

i- AI (n = 22) 12 11 21 5

d- IOS (n = 22) 5 5 20 2

d- AI (n = 22) 4 5 19 2

Total (n = 88) 27 29 80 14
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Finally, eight crowns in Group i- IOS, three crowns in Group i- AI, 
five crowns in Group d- IOS and six crowns in Group d- AI were cho-
sen and delivered to patients.

4  |  DISCUSSION

This randomized double- blind clinical trial using within- subject 
evaluation indicated that clinical efficiency can be significantly im-
proved by adoption of a fully digital workflow for posterior single 
implant crowns. The IOS impression in both fully digital workflows 
in the present study took significantly less chairside time than con-
ventional analog impressions. This result echoed previous findings 
comparing digital and analog impressions (Guo et al., 2019; Lee 
et al., 2022; Mangano & Veronesi, 2018; Muhlemann et al., 2022; 
Pan et al., 2019). Meanwhile, our study showed that the crowns ad-
justment time in fully digital workflows (Median for i- IOS: 6.49 min, 
for d- IOS: 6.81 min) was not significantly increased, this is also in 
consistence with previous research findings (Joda et al., 2016; Joda 
& Bragger, 2015, 2016; Lee et al., 2022; Ren et al., 2021).

Compared with the hybrid workflow, less laboratory time was 
needed in the fully digital workflows due to optical intraoral scan-
ning, fast and intact data transfer, and a model- free manufacturing 
process. In this study, the fabrication time of monolithic SICs using a 
model- free digital workflow was approximate 200 min less than that 
for the hybrid workflows, indicating the advantage of fully digital 
workflows in improving the efficiency of laboratory process (Joda 
& Bragger, 2016; Muhlemann et al., 2021, 2022; Ren et al., 2021; 
Zhang et al., 2019). Even though the finalization step on stone model 
was eliminated, the clinical chairside adjustment time in the model- 
free workflow was not significantly increased. This demonstrated 
that the accuracy of restorations made from digital impression and 
CAD/CAM was similar to those made from the conventional work-
flow. The model- free fully digital workflow eliminated the process 
of analogue model production and this helped avoiding the possible 
error introduced by material deformation and manual operation (Ba-
saki et al., 2017).

It was demonstrated in previous studies (Guo et al., 2021; Pan 
et al., 2019) that definitive SIC made from immediate impression 
during implant surgery was a viable restorative solution for pos-
terior single implants. Two different immediate impressions were 
investigated in this study. More chairside time was needed for 

the analogue impression than it did for the IOS impression. More 
crowns in the immediate analogue impression (i- AI) group required 
interproximal adjustments than those in the immediate IOS (i- IOS) 
group, indicating accumulated errors related to multiple manual 
operations of the i- AI method. There were some disadvantages 
about the immediate analogue impression technique used in this 
study. It was technique sensitive and needed significantly more 
manual work for both the clinician and technician. The risk of con-
tamination was increased with resin in contact with the surgical 
area. It might be difficult to take out and fit the resin position-
ing transfer post onto the stone model when the resin flowed into 
undercuts of the neighboring teeth. Despite the above- mentioned 
limitations, results from this study still suggested that this imme-
diate resin positioning analogue impression was viable to locate 
implant position immediately after implant placement when an 
intraoral scanner is unavailable. Alternative workflows have also 
been suggested, a study reported that the immediate IOS and resin 
positioning analog impression were also suitable for submerged 
healing protocol. Both digital and hybrid workflows with imme-
diate impression allowed successful crown delivery at the second 
stage surgery (Edinger et al., 2023).

The design sequence of the four SICs adopted a random scheme 
to reduce the subjective bias. In the conventional model- based hy-
brid workflow, it took 189.09 min to complete the model fabrication. 
The model fabrication using resin positioning analogue impression 
technique needed additional 28 min to prepare. The model- free 
digital workflow significantly improved the laboratory efficiency 
and reduced approximately 3.5 h working time (Mangano & Vero-
nesi, 2018; Sailer et al., 2017).

Most of the crowns in this study could be successfully delivered. 
With suitable compensation of design parameters (−20 μm at inter-
proximal contact, and +120 μm in occlusion), the clinical adjustment 
time for crowns fabricated from the two model- free fully digital 
workflows was equal to that of the model- based workflows. How-
ever, most of the crowns needed minor interproximal and occlusal 
adjustments. The slight discrepancy between the Ti- base and the 
milled zirconia crown may result in slight crown rotation during ce-
mentation, thus contribute to changes in the occlusion and inter-
proximal contact in the cemented crown. Our experience showed 
that in fully digital workflow, the crown should be cemented in the 
initial inserted position on the Ti- base without rotational force ap-
plied. In hybrid workflow (i- AI &d- AI), the crown can be cemented 

Group

Missing interproximal contact
No occlusal 
contact (n = 22) Total (n = 66)Mesial (n = 22) Distal (n = 22)

i- IOS 3 (14%) 2 (9%) 0 (0%) 5 (8%)

i- AI 4 (18%) 2 (10%) 4 (18%) 10 (15%)

d- IOS 1 (5%) 1 (5%) 0 (0%) 2 (3%)

d- AI 1 (5%) 0 (0%) 1 (5%) 2 (3%)

p(χ2) .392 (3.000) .766 (2.200) .062 (8.600) .029* (9.000)

*p < .05.

TA B L E  8  Comparison of events that 
needed laboratory intervention during 
delivery among the four groups.
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with the Ti- base on stone model. The interproximal surface of the 
neighboring teeth can guide the insertion path of the crown.

More adjustments on shape and transmucosal contour were 
needed for crowns fabricated based on immediate impressions 
(Table 6, p = .044). Two factors may contribute to this result. First, 
there were differences in the transmucosal contour between the 
surgery stage and the healed stage. Second, adjacent teeth posi-
tion may slightly change during the 3- month healing period after 
implant placement (Guo et al., 2021). Even though the crowns were 
polished after adjustments, the smoothness of the transmucosal 
portion of the crown might be reduced, and the health of peri- 
implant soft tissue still needs further investigation in long- term 
follow- up. In this study, types of healing abutments were sent 
to the technician as reference of crown design. Results from our 
previous study on migration of neighboring and antagonist teeth 
(Guo et al., 2021) were considered in designing compensation pa-
rameters in the lab to improve the accuracy of the crowns. Every 
crown was designed separately, so there were differences in crown 
emergence profile among the four crowns for the same patient. Im-
pressions of both d- IOS and d- AI workflows recorded emergency 
profile in healed mucosa, resulting in a better transmucosal contour 
in the final crown.

The emergency profile designed correctly can maintain peri- 
implant health and stability (Hamilton et al., 2023). Previous study 
proposed that the individualized healing abutment could be de-
signed based on natural tooth to achieve ideal emergency profile (El- 
Danasory et al., 2023). Edinger and colleagues has reported better 
values in evaluation of papilla in the immediate analog impression 
group than in the immediate IOS group. It was suggested that it took 
a learning curve to shape the emergence profile on screen (Edinger 
et al., 2023). A satisfactory emergence profile can be achieved by 
scanning the temporary crown, data registration can better repli-
cate the gingival emergency profile into the final crown (Dhingra 
et al., 2020; Zimmermann et al., 2022).

Most SICs in this study needed clinical adjustment. Eighty- five 
percent of the crowns received minor occlusal grinding. This clearly 
showed that the error accumulation during crown production could 
not be completely eliminated (Miyazaki & Hotta, 2011). More than 
90% of crowns fabricated using both model- based hybrid workflows 
still needed clinical adjustments at delivery.

There was no significant difference in clinical outcome among 
crowns fabricated from four different digital workflows. The “final” 
delivered crowns distributed equally among the four groups. The 
fully digital workflow using digital impression improved the effi-
ciency and efficacy of posterior SIC fabrication. Immediate digital 
impression could further reduce the number of clinical visits and 
simplify the treatment procedures.

Some key points need further investigation in the application of 
a fully digital workflow for SICs. First, individualized healing abut-
ment may provide a stable and reliable mucosal contour that can 
facilitate crown delivery. Second, the standard operating procedure 
using the immediate digital impression and model- free digital work-
flow need to be established.

The limitation of this study is that results are only applicable to 
the implant system used and the digital technologies applied. The 
application of chairside manufacturing system and the long- term 
evaluation of crowns fabricated by different workflows still need 
further investigation. In this study, the three- dimensional volume 
change of each crown before and after clinical adjustment was not 
recorded by scanning, future studies are needed to quantify this vol-
ume change.

5  |  CONCLUSION

Digital impression and a model- free fully digital workflow improved 
prosthetic efficiency in the fabrication of posterior single implant 
crowns. The study is limited by the fact that the results were only 
applicable to the implant system used and the digital technologies 
applied. In spite of its limitations, the study suggested that work-
flows integrating immediate impression with the implant surgery 
procedure was clinically applicable for restoration of posterior single 
missing tooth. The clinical outcome of the crown and the health of 
peri- implant soft tissue still need further investigation in long- term 
follow- up.
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