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ABSTRACT

Received:

Lower lip (compression) and thumb-index finger (pinch) isometric force dynamics
data were collected from 29 neurotypical children ages 7-12 years during a cued
visuomotor ‘ramp-and-hold’ task. These children were stratified into two age groups,
including a younger age group (N=16, age 7.6-9.9 years) and an older age group (N=13,
age 10-12.3 years). Dependent measures included maximum voluntary contraction
force (MVCF), reaction time, maximum rate of force change (dF/dtmax), peak force
during recruitment, and hold phase mean and standard deviation, and hold phase
criterion percentage (±5% of target force). Biomechanical data were sampled in
real-time using the ForceWIN10 system for 29 children (13M/16F; 27 right-handed,
2 left-handed). Participants were instructed to track their real time force output and
contract the muscles of interest as ‘rapidly and accurately’ to computer displayed endpoint target forces (0.25N, 0.5N, 1N, 2N) presented to an HD monitor in a randomized
block design. using visually guided force targets displayed on a laptop screen. Results
indicated main effects related to age and muscle group tested. The younger children
had poorer isometric force end-point accuracy and greater inconsistency in holdphase stability when compared with older children. The lower lip showed slower
reaction times, lower MVCF, and greater hold-phase variability and standard deviation
than the fingers.
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Introduction
Biomechanical analyses of active force dynamics can be used
for clinical assessment of muscle force control of single motor
subsystems, including force control in the tongue, lips, jaw, and
digits Barlow, et al. [1-3]. Custom designed force transducers with
real time visuomotor tracking software can be used to measure

muscle forces in individuals with neuromotor disorders such
as Parkinson’s disease and cerebral palsy. The resulting data
can be used to predict motor speech impairments and develop
corresponding rehabilitative measures Barlow, et al. [1,4].
Furthermore, there is evidence that the sensitivity of strain gage
force transducers can be used to precisely measure patterns of
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muscle force impairment that were not evident from a neurological
evaluation, as well as to track changes in orofacial and limb muscle
function across the lifespan during periods of recovery and assess
the efficacy of motor rehabilitation Barlow, et al. [5-8].

This aim of the present study was to establish normative data
regarding fine muscle force dynamics in the lower lip (lower lip
compression) and thumb-index finger (pinch grip) of neurotypical
children at 0.25, 0.50, 1.00, and 2.00 N (Newtons), which represent
less than 20% of a maximum contractile force for these muscle
systems typically used in skilled movements. Independent
variables examined included target force level, muscle group, sex,
and age. Dependent measures included maximum force, reaction
time, maximum rate of force change, standard deviation, hold phase
criterion percentage, mean force, and peak force. Hypotheses were
formulated regarding the dependent variables. A sex effect was
anticipated for maximum force measurements. It was expected
that an age effect would be present for maximum forces based on
increasing muscle mass with age, as well as in hold phase criterion
percentage based on fine motor control development. Similarly,
it was predicted that the standard deviation of active force would
decrease with age due to increasing fine motor control with
maturation. Based on results present in adults, a sex effect is not
expected for reaction time and a positive relationship was expected
between target force and maximum rate of force change Barlow, et
al. [9].
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(tongue, lips, and jaw) and the hand (thumb-index finger pinch).
The ForceWIN10 connects to our custom designed Bluetooth
low-energy (BLE) strain gage sensors to measure active forces
generated by the participant. There are separate transducers used
to sample active force dynamics for orofacial and thumb-index
finger muscle systems (Figure 1). The transducer for the thumbindex finger pinch is composed of a Cooper Instruments load cell
(Model LKCP 410-25 lb; Warrenton, VA, USA) and a Li-ion battery.
For the finger transducer, the load cell sensitivity is 1.17mV/V
at 100% load (111N). The orofacial transducer is composed of a
stainless steel jaw cantilever, lip cantilever, and titanium maxillary
and mandibular dental trays. For the orofacial transducer, the lip
cantilever sensitivity is 2.03 mV/V at 100% load (40N) Greenwood,
et al. [8]. In this study, a pediatric-sized jaw tray set was attached
to the transducer apparatus to measure muscle force output of
the lower lip. A dental impression mold was created for both the
maxillary and mandibular dental trays, so that users could bite
down on the trays comfortably to keep the transducer stable in
the mouth while testing the muscle groups of interest. The dental
molds were made using a polyvinylsiloxane impression material
(Kerr Extrude XP, Kerr Corporation, Romulus, MI, USA) Barlow, et
al. [3].

Materials and Methods
Participants

Twenty-nine (29) neurotypical children (16F/13M, 9.82 [SD =
1.34] years old) were recruited for the study. These children were
stratified into two age groups, including a younger age group (N=16,
7.6-9.9 years, 8.81 [SD = 0.72]) and an older age group (N=13, 1012.3 years, 11.07 [SD = 0.77]). Child assent and written informed
parent/guardian consent were recorded following University of
Nebraska Institutional Review Board approval. Inclusion criteria:
no report of injury or illness affecting the nervous system.
Exclusion criteria: traumatic injury to the hands or face resulting in
sensorimotor impairment, and traumatic brain injury or neurologic
disease resulting in sensorimotor impairment to the orofacial or
hand movements.
Instrumentation

Research participants were assessed using the ForceWIN10
system, a biomechanics visuomotor tracking application that runs
on a DELL XPS laptop PC (MS WIN10 x64) with a 15” HD touchscreen
display to measure muscle force output for both diagnostic and
therapeutic purposes Greenwood, et al. [8]. ForceWIN10 measures
voluntary fine force muscle dynamics in both the lower face

Figure 1: Wireless Bluetooth orofacial and finger pinch
force transducers.
Protocol
Participants completed a series of visuomotor isometric ‘rampand-hold’ muscle contractions to target forces of 0.25, 0.5, 1, and
2 N in a randomized block design while seated in front of a laptop
display. Participants were prompted to contract their muscles
‘rapidly and accurately’ and hold the contraction for approximately
5 seconds before relaxing. Ten ramp-and-hold contractions
were completed at each force level for a given structure. For
each structure, following the ramp-and-hold trials, participants
were asked to contract their muscles maximally for 2 seconds
and subsequently relax (3 repetitions) to collect MVCF data. The
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protocol consisted of 43 trials per structure (lower lip, right thumbfinger pinch, and left thumb-finger pinch). Test order for structure
was also randomized for all participants.
Force Signal Processing

A low-pass filter was applied for each ‘ramp-and-hold’
contraction (finite impulse response (FIR) filter at 40 Hz, with
high stopband and flat passband attenuation). The terminal holdphase was divided into T1 (2.0-3.4s) and T2 (3.4-4.8s). Hold-phase
criterion percentage was calculated using the data points in T1 or
T2 that were in the range of ±5 % of the target force measure. Hold
phase mean force was calculated for T1 and T2. Baseline force was
calculated by finding the mean during the first 100ms of a force trial.
The first derivative maxima (dF/dtmax) were used to compute the
maximum rate of force change (N/s). During the recruitment phase,
peak force was computed by finding the maximum force in the first
2 seconds of a trial. Lastly, reaction time was calculated by linearly
interpolating a value when the force was γ standard deviations (SD)
above the baseline.
Statistical Analysis

Linear mixed modeling was conducted for each dependent

Results

variable [peak force (N), dF/dt (N/s), reaction time (seconds), mean
force for T1 and T2 (N), standard deviation for T1 and T2 (N), holdphase criterion for T1 and T2 (proportion within +/- 5% target),
and maximum force (N)] to estimate overall difference between
muscle groups (right thumb-index finger, left thumb-index finger,
lower lip; i.e., muscle effect), change in the dependent variable as
a linear or polynomial function of target force (0.25, 0.5, 1, and
2 N; i.e., force effect), and muscle group difference in this change
(i.e., muscle-by-force interaction effect). The models accounted for
participants’ sex and nesting of repeated measurements within
participants, thereby providing unbiased estimates of the model
effects. When the muscle and/or muscle-by-force interaction
effect was significant, adjusted means were pairwise compared
at a Bonferroni corrected alpha level while controlling for Type I
error at the nominal level. A proper error covariance structure
was determined for each dependent variable based on model fit
(i.e., adjusted Akaike Information Criterion, Bayesian Information
Criterion). All analyses were conducted using SAS 9.4 SAS Institute
[10] and statistical significance was determined at .05 alSignificant
improvements in the performance of active force dynamics were
apparent for boys and girls between the younger and older age

Table 1: Descriptive summary statistics for ‘ramp-and-hold’ isometric force dynamics in children stratified by age group among
selected dependent measures [ ± SEM].
FORCE Reaction Time (s)
7.6 – 9.9 yrs
Target (N)
R-FINGER

L-FINGER

LOWER-LIP

♂ (N=5)

10 – 12.3 yrs
♀ (N=11)

♂ (N=8)

0.25

0.52 (0.02)

0.60 (0.02)

0.51 (0.03)

0.50 (0.01)

1.00

0.51 (0.02)

0.57 (0.02)

0.52 (0.02)

0.49 (0.02)

0.50
2.00
0.25
0.50
1.00
2.00
0.25
0.50
1.00
2.00

0.51 (0.03)

0.58 (0.02)

0.50 (0.02)

0.58 (0.02)

0.57 (0.07)

0.64 (0.03)

0.56 (0.04)

0.69 (0.05)

0.47 (0.02)

0.60 (0.03)

0.47 (0.02)

0.58 (0.02)

0.61 (0.08)

0.88 (0.09)

0.60 (0.04)

0.61 (0.06)

0.73 (0.14)

0.84 (0.09)

0.59 (0.05)

0.61 (0.04)

0.55 (0.05)

Target (N)
0.25

0.51 (0.01)

0.60 (0.04)

0.55 (0.02)

0.58 (0.02)

0.51 (0.02)

0.53 (0.02)

0.49 (0.02)

0.54 (0.03)

0.52 (0.02)

0.63 (0.09)

0.65 (0.08)

0.53 (0.04)

0.49 (0.04)

0.75 (0.08)

0.49 (0.04)

0.56 (0.04)

0.52 (0.07)

Rate of Force Change Recruitment: dF/dt (N/s)

♂ (N=5)

10 – 12.3 yrs
♀ (N=11)

11.42 (1.67)

13.59 (1.88)

23.95 (5.68)

49.80 (10.70)

0.50

32.50 (15.10)

2.00

52.40 (13.30)

1.00

0.50 (0.02)

0.49 (0.02)

7.6 – 9.9 yrs

R-FINGER

♀ (N=5)
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♂ (N=8)

♀ (N=5)

8.69 (0.83)

7.43 (0.92)

13.89 (0.89)

11.28 (1.02)

17.25 (4.79)

11.26 (1.01)

26.36 (3.43)

42.90 (11.50)

7.69 (0.97)

18.06 (1.76)
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0.25

12.61 (1.56)

17.15 (3.17)

1.00

16.25 (3.79)

24.95 (4.54)

0.25

10.93 (1.02)

0.50
2.00
0.50
1.00
2.00

9.33 (1.15)

18.19 (1.31)

12.52 (1.05)

17.13 (4.55)

5.40 (0.70)

40.80 (6.24)

30.14 (4.33)

17.61 (1.91)

30.08 (2.91)

14.68 (1.63)

13.20 (2.14)

13.20 (1.32)

15.76 (1.99)

6.75 (0.68)

29.79 (5.82)
12.28 (2.26)

15.58 (2.12)

7.98 (1.00)

31.26 (4.71)

12.51 (1.34)
24.02 (4.93)
33.45 (6.20)

PEAK FORCE (N)

7.6 – 9.9 yrs
Target (N)
R-FINGER

L-FINGER

LOWER-LIP

♂ (N=5)

LOWER-LIP

10.27 (0.88)
21.22 (2.63)

♀ (N=11)

♂ (N=8)

♀ (N=5)

0.40 (0.03)

1.18 (0.19)

0.64 (0.05)

0.48 (0.08)

1.00

1.48 (0.08)

2.28 (0.22)

1.52 (0.09)

1.42 (0.23)

0.50
2.00
0.25
0.50
1.00
2.00
0.25
0.50
1.00
2.00

1.12 (0.22)

1.24 (0.14)

2.64 (0.17)

2.96 (0.16)

0.66 (0.07)

1.01 (0.14)

0.80 (0.06)

1.35 (0.11)

1.62 (0.25)

1.59 (0.08)

2.45 (0.09)

3.15 (0.19)

0.86 (0.07)

1.11 (0.16)

1.21 (0.12)

1.51 (0.13)

1.62 (0.12)

1.90 (0.15)

2.76 (0.12)

3.27 (0.17)

0.93 (0.07)

0.68 (0.09)

2.75 (0.14)

2.41 (0.11)

0.53 (0.05)

0.56 (0.06)

0.96 (0.10)

0.90 (0.17)

1.52 (0.13)

1.41 (0.07)

2.85 (0.20)

2.31 (0.09)

0.87 (0.11)

0.51 (0.07)

1.32 (0.20)

1.00 (0.08)

1.62 (0.13)

1.48 (0.11)

2.76 (0.14)

2.43 (0.08)

MEAN FORCE - T1 Hold Phase (N)

♂ (N=5)

10 – 12.3 yrs
♀ (N=11)

♂ (N=8)

♀ (N=5)

0.25

0.24 (0.01)

0.50 (0.07)

0.31 (0.02)

0.26 (0.01)

1.00

0.98 (0.02)

1.14 (0.05)

0.94 (0.02)

0.92 (0.03)

0.50
2.00
0.25
0.50
1.00
2.00
0.25
0.50
1.00
2.00

0.51 (0.01)

0.64 (0.06)

2.09 (0.13)

1.91 (0.04)

0.25 (0.01)

0.47 (0.04)

0.46 (0.01)

0.80 (0.07)

0.95 (0.02)

1.05 (0.03)

1.84 (0.03)

1.93 (0.07)

0.34 (0.03)

0.47 (0.06)

0.50 (0.03)

0.70 (0.07)

1.01 (0.03)

1.14 (0.06)

1.77 (0.06)

1.88 (0.07)

0.51 (0.01)

Target (N)

0.49 (0.01)

1.93 (0.03)

1.85 (0.04)

0.27 (0.02)

0.29 (0.01)

0.51 (0.02)

0.48 (0.01)

0.96 (0.02)

0.99 (0.02)

1.93 (0.05)

1.90 (0.03)

0.30 (0.02)

0.30 (0.02)

0.54 (0.03)

0.54 (0.03)

0.88 (0.04)

0.98 (0.02)

1.79 (0.04)

1.84 (0.03)

MEAN FORCE - T2 Hold Phase (N)

7.6 – 9.9 yrs

R-FINGER

8.72 (0.93)

10 – 12.3 yrs

7.6 – 9.9 yrs

L-FINGER

15.77 (1.48)

0.25

Target (N)
R-FINGER

8.79 (0.97)

♂ (N=5)

10 – 12.3 yrs
♀ (N=11)

♂ (N=8)

♀ (N=5)

0.25

0.25 (0.01)

0.44 (0.07)

0.29 (0.02)

0.23 (0.01)

1.00

0.96 (0.01)

1.12 (0.04)

0.98 (0.01)

0.93 (0.03)

0.50
2.00

0.51 (0.01)
1.94 (0.04)
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0.59 (0.03)
1.93 (0.04)

0.51 (0.01)
1.98 (0.02)

0.50 (0.01)
1.93 (0.02)
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0.25

0.24 (0.01)

0.51 (0.06)

0.25 (0.01)

0.28 (0.01)

1.00

0.98 (0.01)

1.07 (0.03)

0.99 (0.01)

1.00 (0.01)

0.50
2.00
0.25
0.50
1.00
2.00

0.47 (0.01)

0.79 (0.06)

1.92 (0.02)

2.13 (0.11)

0.42 (0.06)

0.54 (0.11)

0.48 (0.02)

0.68 (0.05)

1.06 (0.05)

1.20 (0.07)

1.93 (0.06)

1.94 (0.09)

0.49 (0.01)
1.95 (0.02)

R-FINGER

L-FINGER

LOWER-LIP

LOWER-LIP

0.98 (0.04)

0.96 (0.02)

1.83 (0.04)

1.89 (0.03)

SD FORCE - T1 Hold Phase (N)

♂ (N=5)

10 – 12.3 yrs
♀ (N=11)

♂ (N=8)

♀ (N=5)

0.03 (0.00)

0.10 (0.02)

0.06 (0.01)

0.03 (0.01)

1.00

0.10 (0.02)

0.21 (0.03)

0.10 (0.01)

0.12 (0.02)

0.50
2.00
0.25
0.50
1.00
2.00
0.25
0.50
1.00
2.00

0.04 (0.01)

0.12 (0.02)

0.31 (0.10)

0.20 (0.02)

0.06 (0.01)

0.11 (0.02)

0.07 (0.01)

0.22 (0.04)

0.09 (0.01)

0.15 (0.02)

0.17 (0.02)

0.41 (0.04)

0.17 (0.04)

0.20 (0.03)

0.20 (0.03)

0.22 (0.03)

0.24 (0.04)

0.34 (0.04)

0.38 (0.05)

0.57 (0.06)

0.07 (0.01)

0.04 (0.01)

0.22 (0.02)

0.17 (0.02)

0.05 (0.01)

0.04 (0.00)

0.08 (0.01)

0.05 (0.01)

0.10 (0.01)

0.10 (0.02)

0.19 (0.02)

0.16 (0.02)

0.15 (0.03)

0.10 (0.02)

0.18 (0.03)

0.11 (0.02)

0.23 (0.03)

0.14 (0.02)

0.36 (0.03)

0.25 (0.02)

SD FORCE - T2 Hold Phase (N)

♂ (N=5)

10 – 12.3 yrs
♀ (N=11)

♂ (N=8)

♀ (N=5)

0.25

0.02 (0.00)

0.05 (0.01)

0.05 (0.01)

0.03 (0.01)

1.00

0.07 (0.01)

0.15 (0.02)

0.08 (0.01)

0.09 (0.02)

0.50
2.00
0.25
0.50
1.00
2.00
0.25
0.50
1.00
2.00

0.05 (0.01)

0.07 (0.01)

0.24 (0.07)

0.17 (0.02)

0.04 (0.01)

0.18 (0.05)

0.05 (0.01)

0.15 (0.02)

0.07 (0.01)

0.19 (0.03)

0.13 (0.02)

0.38 (0.05)

0.16 (0.04)

0.17 (0.03)

0.20 (0.02)

0.21 (0.02)

0.21 (0.05)
0.46 (0.05)

0.30 (0.04)
0.57 (0.05)

0.05 (0.01)

Target (N)

0.04 (0.01)

0.18 (0.03)

0.10 (0.02)

0.03 (0.01)

0.03 (0.01)

0.05 (0.01)

0.04 (0.01)

0.09 (0.01)

0.06 (0.01)

0.15 (0.02)

0.09 (0.01)

0.13 (0.03)

0.05 (0.01)

0.14 (0.02)

0.11 (0.02)

0.25 (0.03)

0.10 (0.01)

0.34 (0.03)

0.21 (0.02)

CRITERION % ‘On target’ [±5%] - T1 Hold Phase
7.6 – 9.9 yrs

R-FINGER

0.51 (0.02)

0.25

Target (N)

L-FINGER

0.26 (0.01)

0.54 (0.03)

7.6 – 9.9 yrs

R-FINGER

1.96 (0.02)

0.31 (0.02)

7.6 – 9.9 yrs
Target (N)

0.51 (0.01)

♂ (N=5)

10 – 12.3 yrs
♀ (N=11)

♂ (N=8)

♀ (N=5)

0.25

16.63 (2.53)

11.09 (1.67)

14.58 (2.38)

14.96 (2.43)

1.00

37.64 (5.19)

21.70 (2.56)

35.41 (3.81)

40.73 (4.76)

0.50
2.00

32.12 (5.17)
47.42 (5.35)
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22.42 (2.57)
35.06 (2.99)

25.35 (3.43)
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0.25

20.69 (4.20)

13.14 (1.87)

16.62 (2.25)

12.72 (2.85)

1.00

39.74 (5.01)

27.18 (2.82)

35.87 (3.27)

43.60 (5.60)

0.50

L-FINGER

2.00
0.25

LOWER-LIP

37.56 (5.18)
42.92 (5.90)
12.94 (2.49)

2.00

13.87 (2.30)

24.57 (3.11)

19.99 (2.07)

6.03 (1.84)

0.50
1.00

14.78 (2.16)

40.23 (3.61)

8.65 (1.38)

23.55 (3.42)

8.93 (1.54)

15.03 (2.10)

12.84 (2.19)

12.26 (1.33)

15.87 (1.95)

15.48 (1.71)

15.51 (2.00)

CRITERION % [±5%] - T2 Hold Phase
7.6 – 9.9 yrs

Target (N)

23.21 (3.80)
28.75 (3.97)
21.74 (2.60)

10 – 12.3 yrs
♀ (N=11)

♂ (N=8)

♀ (N=5)

16.61 (2.17)

20.32 (3.02)

23.17 (3.71)

1.00

49.25 (5.98)

27.12 (2.96)

40.76 (3.71)

49.49 (5.41)

0.25
0.50
1.00
2.00
0.25

LOWER-LIP

17.53 (2.89)

20.38 (3.31)

2.00

L-FINGER

40.30 (3.85)

0.25
0.50

R-FINGER

♂ (N=5)

29.67 (4.31)

32.64 (5.44)

30.55 (3.12)

49.92 (6.31)

43.24 (3.46)

22.86 (4.75)

48.60 (3.98)

12.92 (1.79)

45.20 (6.17)

17.63 (2.61)

20.35 (2.71)

60.06 (5.24)

27.55 (3.09)

31.99 (3.16)

58.39 (5.35)

48.14 (4.25)

22.71 (2.47)

9.68 (2.57)

53.76 (3.90)

6.67 (1.07)

0.50

11.25 (1.99)

18.89 (2.31)

2.00

16.17 (1.91)

14.51 (1.65)

1.00

31.92 (3.53)

23.51 (3.55)

7.33 (1.62)

14.62 (2.22)

15.21 (1.94)

22.65 (3.17)
MVCF (N)

21.29 (2.55)

7.6 – 9.9 yrs
♂ (N=5)

28.93 (3.73)
65.33 (4.65)
12.23 (2.63)
41.35 (4.97)
55.34 (4.83)
57.20 (4.94)
16.40 (3.30)
21.95 (3.79)
26.95 (3.51)
28.51 (2.94)

10 – 12.3 yrs
♀ (N=11)

♂ (N=8)

♀ (N=5)

R-FINGER

20.15 (3.22)

13.40 (0.82)

17.67 (1.95)

18.51 (2.28)

LOWER-LIP

10.18 (1.40)

6.54 (0.57)

8.44 (0.90)

5.05 (0.92)

L-FINGER

16.90 (2.96)

Significant improvements in the performance of active force
dynamics were apparent for boys and girls between the younger
and older age cohorts, and between the face and digits. An example
of individual ramp-and-hold isometric force trials during the
ForceWIN10 visuomotor tracking paradigm for the left finger,
right finger, and lower lip are shown for two males, at age 8 and
12 years in Figure 2. Waterfall displays are shown at each of the
four target force levels for each muscle system. A performance
advantage is evident for the left and right thumb-index finger pinch
force productions compared to the lower lip during compression. A
notable improvement can also be seen between the 8 year-old and 12
year-old males performing similar tasks. Corresponding force heat
maps are shown below each of the waterfall displays to highlight
striking differences in force variability, baseline force control, and
reaction time consistency. Similar trends are evident for girls as
well as shown in Figure 3 which contrasts the isometric ramp-andhold force trials as produced by a 9 year-old and a 12 year-old child.
The force heat maps also reveal greater variability in achieving the

12.73 (0.99)

18.75 (1.17)

16.64 (1.83)

four discrete level target force productions for the three muscle
systems. An analysis of the pooled results (N=29 children) is shown
in Figure 4 to contrast target force accuracy (thick line at each force
is the median) and variability (shaded regions correspond to the
median of the standard deviation) of composite trials for each of
the three muscle systems among younger and older child groups
(left and right plot columns).Overall, the older children (10.0-12.3
years of age) manifest improved accuracy in force control with
reduced variability compared to their younger cohort. Descriptive
summary statistics are shown in Table 1 by dependent variable.
Estimated marginal means for force reaction time ranged from
535 to 760 milliseconds across all conditions and factors (Table
2a). The force reaction time (RT) variable showed significant main
effects for age group (p < 0.01), force target (p < 0.01), and muscle
group (p < 0.0001). Estimated marginal means for combined digits
was 564.6 ms compared to 679.3 ms for the lower lip across the
four target levels. The lower lip manifested significantly longer RTs
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(by 50 to 70 ms) compared to the right and left hand digits during
pinch force recruitment. Sex was not significant (p = 0.712). The dF/
dtmax force variable, a measure of active force recruitment, showed
significant main effects as a function of target force (p < 0.0001)
and age group (p < 0.05) (Table 2a). The estimated marginal means
of the force derivative ranged from 10.39 to 31.10 N/sec. The
estimated marginal means for dF/dtmax increased as a function
of target force (0.25N target = -16.63N/s, 0.5N target = -15.44N/s,
1.0N target = -11.79N/s, and 2.0N target = 0.0N/s (reference)),

DOI: 10.26717/BJSTR.2022.44.007049

respectively. The factors muscle group (p = 0.1174) and sex (p =
0.4923) were not significant. Among the neurotypical children in
the present cohort, the tendency was to overshoot the visuomotor
target during the ‘rapid-and-accurate’ force recruitment task. The
magnitude of force overshoot (percent increase re: target force),
was greatest at the 0.25N target where estimated marginal means
for the right index-thumb, left index-thumb, and lower lip were
0.53N, 0.46N, and 0.68N greater than the target force, respectively.

Figure 2: Upper panel (row 1) shows individual ramp-and–hold force trials sampled from an 8-year-old male at 0.25 [blue],
0.5 [red], 1.0 [green], and 2.0 N [magenta] target force levels in waterfall display format for the left finger, right finger, and
lower lip. Upper panel (row 2) shows the distribution of individual force trials including onsets as a function of structure and
target as a heat map (absolute force amplitude is coded by a color heat scale). Bottom panel shows similar individual isometric
waveforms and heat map sampled from a 12-year-old male.
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Figure 3: Upper panel (row 1) shows individual ramp-and–hold force trials sampled from an 9- year-old female at 0.25 [blue],
0.5 [red], 1.0 [green], and 2.0 N [magenta] target force levels in waterfall display format for the left finger, right finger, and
lower lip. Upper panel (row 2) shows the distribution of individual force trials including onsets as a function of structure and
target as a heat map (absolute force amplitude is coded by a color heat scale). Bottom panel shows similar individual isometric
waveforms and heat map sampled from a 12-year-old female.

Figure 4: Pooled right thumb-index finger (row 1), left thumb-index finger (row 2), and lower lip compression (row 3) trials at
0.25 [blue], 0.5 [red], 1.0 [green], and 2.0 N [magenta] target force levels among boys and girls [age 7.6-9.9 years [N=16], and age
10.0-12.3 years [N=13]. The thick colored line at each target force level represents the median, and shaded regions correspond
to median standard deviation for composite force trials.
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A clear finger advantage was found at the 0.25N target level with
peak forces ranging from 186.9% to 214.5% of the intended target,
whereas the lower lip peak force was 274.6% of target. The degree
of overshoot (expressed as a percentage of the target) decreased
with increasing target force levels such that the marginal means
resulted in peak forces for the right and left digits that were 37.8%
and 38.9% greater than the intended 2N target, whereas peak
force for the lower lip exceeded the 2N target by 45%. In absolute
terms, the fingers showed the clear advantage with 0.46N to 0.53N
of overshoot at 0.25N target, whereas the lower lip yielded the
greatest error at 0.69N of overshoot at this target. Peak isometric
force overshoot increased at each higher target force, culminating
in the largest absolute force errors approaching 0.78N for the digits,
and 0.90N for the lower lip at the 2N target force. For the LMM, the
peak force dependent variable showed significant main effect as a
function of muscle group (p = 0.001) and target force (p < 0.0001)
(Table 2a). Age group was marginally significant (p = 0.0539). Sex
was not significant (p = 0.617). Mean force during the T1 and T2
hold-phase periods showed a high degree of end-point accuracy in
isometric force output, favoring the digits over the lower lip (Table
2a). The LMM revealed a significant interaction for force target by
muscle group (T1 phase, p = 0.0013; T2 phase, p < 0.0001). Sex and
age were not significant.
Isometric contraction stability, calculated as the standard
deviation (SD) during the same T1 and T2 hold-phase periods

Table 2a: Linear mixed modeling (LMM) by dependent variables.

showed a significant main effect as a linear function of the child’s
age (SD T1, p < 0.01; SD T2, p <0.001). Sex was not significant (SD
T1, p = 0.751; SD T2, p = 0.428). LMM for the SD of isometric force
revealed a significant interaction between force target and muscle
group during the T1 and T2 hold phases after controlling for child’s
age and sex (T1 phase, F(6,3440) = 5.21, p < 0.0001; T2 phase,
F(6,3440) = 5.92, p < 0.0001). Estimated marginal means for SD
showed a significant advantage for the digits at each target force level
compared to the lower lip (Table 2b). For example, the composite
SD in isometric force output during the T1 period was 0.1233N
for the right thumb-index finger, 0.1497N for the left thumb-index
finger, and nearly double indicative of greater instability for the
lower lip at 0.2659N. A similar pattern for SD in isometric force
was found during the T2 period (SD=0.0995N for the right thumbindex finger; 0.1526N for the left thumb-index finger, and 0.2523N
for the lower lip). Post-hoc pairwise comparisons confirmed this
trend with lower lip isometric compression force SD significantly
greater than the same measure for either the right- or left thumbindex finger pinch contractions at each of the four target forces (p <
0.0001, effects size (d) ranging from 0.205 to 0.611). The additional
1.4 seconds of afforded by the T2 period resulted in more stable
isometric force output, especially for the dominant right handdigits and lower lip, with marginal means for SD reduced by 16.99
to 26.99% RF, and 1.25 to 12.72% for LL across the force targets 2N,
1N, 0.5N, and 0.25N, respectively.

DV: REACTION TIME (sec) marginal means (adj. for age and sex)
Group
Target force (N)

RF

Comparison

LF

LL

RF vs LF

RF vs LL

LF vs LL

M

SE

M

SE

M

SE

adj. p

d

adj. p

d

adj. p

d

0.25

0.56

0.03

0.60

0.30

0.76

0.03

1.0000

0.095

0.0000

0.396

0.0008

0.302

1.00

0.53

0.03

0.56

0.03

0.75

0.03

1.0000

0.050

0.0000

0.420

0.0000

0.371

0.50
2.00

0.55
0.54

0.03
0.03

0.62

0.03

0.56

0.03

0.60

0.03

0.61

0.03

1.0000
1.0000

0.135
0.051

DV: dF/dtmax (N/sec) marginal means (adj. for age and sex)
Group

Target force (N)

RF

1.0000
1.0000

0.103
0.145

1.0000
1.0000

0.031
0.094

Comparison

LF

LL

RF vs LF

RF vs LL

LF vs LL

M

SE

M

SE

M

SE

adj. p

d

adj. p

d

adj. p

d

0.25

10.39

3.02

11.32

3.02

12.78

3.02

1.0000

0.018

1.0000

0.046

1.0000

0.028

1.00

29.21

3.02

18.68

3.02

17.62

3.02

0.0229

0.205

0.0055

0.225

1.0000

0.021

0.50
2.00

14.71

3.02

31.10

3.02

17.82

3.02

28.64

3.02

13.97

3.02

29.41

3.02

1.0000
1.0000

DV: Peak Force (N) marginal means (adj. age and sex)

0.060
0.048

Group
Target force (N)
0.25

RF

1.0000
1.0000

0.014
0.033

1.0000
1.0000

0.075
0.015

Comparison

LF

LL

RF vs LF

RF vs LL

LF vs LL

M

SE

M

SE

M

SE

adj. p

d

adj. p

d

adj. p

d

0.79

0.14

0.72

0.14

0.94

0.14

0.0000

0.029

1.0000

0.064

1.0000

0.094
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0.50

1.08

2.00

2.76

1.00

1.84

0.14

1.11

0.14

1.40

0.14

1.0000

0.014

0.1516

0.137

0.4064

0.123

0.14

2.78

0.14

2.90

0.14

1.0000

0.009

1.0000

0.061

1.0000

0.052

0.14

1.61

0.14

1.75

0.14

1.0000

0.100

DV: MEAN FORCE T1 (N) marginal means (adj. for age and sex)
Group

Target force (N)

RF

1.0000

0.042

1.0000

0.058

Comparison

LF

LL

RF vs LF

RF vs LL

LF vs LL

M

SE

M

SE

M

SE

adj. p

d

adj. p

d

adj. p

d

0.25

0.36

0.04

0.34

0.04

0.38

0.04

1.0000

0.027

1.0000

0.038

1.0000

0.066

1.00

1.01

0.04

0.98

0.04

1.02

0.04

1.0000

0.031

1.0000

0.018

1.0000

0.094

0.50
2.00

0.54

0.04

1.91

0.04

0.60

0.04

1.89

0.04

0.58

0.04

1.81

0.04

1.0000
1.0000

0.079
0.031

DV: MEAN FORCE T2 (N) marginal means (adj. age and sex)
Group

Target force (N)

RF

1.0000
0.0215

0.055
0.150

1.0000
0.2794

0.024
0.120

Comparison

LF

LL

RF vs LF

RF vs LL

LF vs LL

M

SE

M

SE

M

SE

adj. p

d

adj. p

d

adj. p

d

0.25

0.32

0.04

0.35

0.04

0.42

0.04

1.0000

0.040

0.3252

0.133

1.0000

0.093

1.00

1.02

0.04

1.02

0.04

1.07

0.04

1.0000

0.005

1.0000

0.064

1.0000

0.069

0.50
2.00

0.53

0.04

1.95

0.04

0.61

0.04

2.00

0.04

0.58

0.04

1.85

0.04

Table 2b: Linear mixed modeling (LMM) by dependent variables.

0.9604
1.0000

0.116
0.071

1.0000
0.2464

0.075
0.137

1.0000
0.0007

0.041
0.209

DV: STANDARD DEVIATION T1 (N) marginal means (adj. for age and sex)
Group
Target force (N)

RF

Comparison

LF

LL

RF vs LF

RF vs LL

LF vs LL

M

SE

M

SE

M

SE

adj. p

d

adj. p

d

adj. p

d

0.25

0.07

0.02

0.07

0.02

0.17

0.02

1.0000

0.024

0.0000

0.286

0.0000

0.262

1.00

0.14

0.02

0.13

0.02

0.26

0.02

1.0000

0.023

0.0000

0.345

0.0000

0.368

0.50
2.00

0.08

0.02

0.21

0.02

0.13

0.02

0.27

0.02

0.20

0.02

0.43

0.02

0.4056
0.2118

0.141
0.152

DV: STANDARD DEVIATION T2 (N) marginal means (adj. for age and sex)
Group

Target force (N)

RF

0.0000
0.0000

0.346
0.611

0.0048
0.0000

0.205
0.459

Comparison

LF

LL

RF vs LF

RF vs LL

LF vs LL

M

SE

M

SE

M

SE

adj. p

d

adj. p

d

adj. p

d

0.25

0.05

0.02

0.11

0.02

0.15

0.02

0.4659

0.153

0.0003

0.259

1.0000

0.106

1.00

0.12

0.02

0.14

0.02

0.24

0.02

1.0000

0.064

0.0000

0.318

0.0005

0.254

0.50
2.00

0.06

0.02

0.18

0.02

0.11

0.02

0.25

0.02

0.20

0.02

0.43

0.02

0.4805
0.0618

0.152
0.187

Group
RF

LL

SE

M

SE

0.25

13.98

1.96

15.74

1.96

1.00

31.09

1.96

31.79

1.96

27.24
38.02

1.96
1.96

21.88
30.67

0.366
0.656

0.0103
0.0000

0.214
0.469

Comparison

LF

M

2.00

0.0000

DV: HOLD-PHASE T1 (pct within ± 5% target) marginal means (adj. for age and sex)

Target force (N)

0.50

0.0000

RF vs LF

RF vs LL

LF vs LL

M

SE

adj. p

d

adj. p

d

adj. p

d

9.40

1.96

1.0000

0.053

0.6836

0.138

0.0258

0.190

17.23

1.96

1.0000

0.021

0.0000

0.416

0.0000

0.437

1.96

14.01

1.96

14.33
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1.96
1.96

0.1806
0.0026

0.161
0.221

0.0000
0.0000

0.395
0.711

0.0009
0.0000

0.234
0.490
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DV: HOLD-PHASE T2 (pct within ± 5% target) marginal means (adj. for age and sex)
Group
Target force (N)

RF

Comparison

LF

LL

RF vs LF

RF vs LL

LF vs LL

M

SE

M

SE

M

SE

adj. p

d

adj. p

d

adj. p

d

0.25

18.51

2.16

16.16

2.16

9.21

2.16

1.0000

0.064

0.0003

0.253

0.0427

0.189

1.00

38.88

2.16

41.32

2.16

19.51

2.16

1.0000

0.066

0.0000

0.526

0.0000

0.592

0.50
2.00

31.96

2.16

48.80

2.16

27.62
40.67

2.16

15.97

2.16

17.57

2.16
2.16

1.0000
0.0043

DV: MVCF (N) marginal means (adj. for age)

0.118
0.221

Group
RF

0.0000
0.0000

0.434
0.848

0.0000
0.0000

0.316
0.627

Comparison

LF

LL

RF vs LF

RF vs LL

LF vs LL

M

SE

M

SE

M

SE

adj. p

d

adj. p

d

adj. p

d

RH=0

19.47

3.38

20.08

3.38

7.42

3.38

1.000

0.074

0.000

1.455

0.000

1.529

1.00

1.02

0.04

1.02

0.04

1.07

0.04

1.0000

0.005

1.0000

0.064

1.0000

0.069

RH=1
2.00

17.62
1.95

0.91
0.04

15.83
2.00

0.91
0.04

The hold-phase criterion percentage achieved during both

the T1 and T2 hold phase periods showed a linear significant
main effect age (p = 0.004, and p = 0.0011, respectively). Sex was
not a significant factor during T1 and T2 (p = 0.93, and p=0.97,
respectively). Overall, the thumb-index fingers of either hand are
significantly better at maintaining a target force criterion (within
±5% of target) compared to the lower lip. LMM for the criterion
percentage of isometric force at target revealed a significant
interaction between force target and muscle group during the
T1 and T2 hold phases after controlling for child’s age and sex
(T1 phase, F(6,3440) = 11.00, p < 0.0001; T2 phase, F(6,3440) =
13.29, p < 0.0001). Overall, the digits of the hand performed at
approximately twice the efficiency of the lower lip in generating
isometric force within the ±5% criterion at each of the four target
levels. For example, the marginal means for criterion performance
(within ±5% of target window) during the T1 phase were 13.98 and
15.74% for the right and left thumb-index finger digits at 0.25N
target, whereas only 9.4% of the digitized lower lip isometric force
record fell within the prescribed criterion target (Table 2b).

A similar pattern was found at the other target forces for
the right- and left-hand, and lower lip (FT=0.5N: 27.24, 21.88,
14.10%; FT=1N: 31.09, 31.79, 17.23%; and FT=2N: 38.02, 30.67,
and 14.33%, respectively). As isometric contractions advanced into
the T2 phase, criterion performance improved even more favoring
the digits of the right- and left hand compared to the lower lip
(FT=0.25N: 18.51, 16.16, 9.21%; FT=0.5N: 31.96, 27.62, 15.97%;
FT=1N: 38.88, 41.32, 19.51%; and FT=2N: 48.80, 40.67, 17.57%,
respectively). Overall, criterion ‘on-target’ performance increased
by 22.86% from the T1 to T2 hold phase. Post-hoc pairwise
comparisons confirmed this trend with superior criterion level ‘ontarget’ performance exhibited by the thumb-index fingers of the

7.09
1.85

0.91
0.04

0.163

1.0000

0.218
0.071

0.000

0.2464

1.282
0.137

0.000

0.0007

1.064
0.209

hand compared to the lower lip at each force target (p < 0.0001,

effects size (d) ranging from 0.316 to 0.848 among force targets
2N, 1N, and 0.5N; and p < 0.05, d = 0.189 to 0.253 at the 0.25N
target force). The maximum voluntary compression force (MVCF)
variable showed a significant main effect as a function of muscle
group (p < 0.0001). Age (p = 0.18), sex (p = 0.09), and handedness
(p = 0.50) were not significant factors. As shown in Table 2b, MVCF
marginal means were approximately 2.26 to 2.66 times greater for
the thumb-index pinch (15.83 to 20.08 N) compared to lower lip
compression (7.09 to 7.42N) (p<0.0001, d = 1.064 to 1.529).

Discussion

Thumb-Index Finger Pinch Versus Lower Lip Compression
One of the themes that emerged from the project was the
performance advantage of the fingers over the lower lip in terms
of hold-phase variability and force recruitment. Overall, the lower
lip showed greater hold-phase variability and a shallower slope for
force recruitment to the initial peak. The lower lip showed slower
reaction times and a lower MVCF when compared with the fingers.
Gentil, et al. [11] studied fine force generation in the fingers and lips
of adults, and found that the fingers demonstrated a higher degree
of precision, hold-phase stability, and force control accuracy when
compared with the lips Gentil, et al. [11].
Age Differences

Another of the emergent trends throughout the research was the
different performance capabilities of the two age groups. Overall,
the younger children manifest much more variance in their force
trials, inconsistency in peaks during force recruitment, hold-phase
isometric contraction stability, and a lesser degree of end-point
accuracy at each target force level when compared with the older
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cohort. The older children also showed higher force recruitment
rates to the initial peak and shorter reaction times than the younger
children. This trend was consistent across muscle groups measured.
Ager, et al. [12] found age to be a significant factor in pinch strength
of children between ages 5 and 12 years, with strength (MVCF)
increasing with age. Similarly, Mathiowetz, et al. [13] found that
maximum pinch force increases with age in children between 6
and 19 years of age [14]. For the lower lip, Chigira, et al. [12] found
that in typically developing young children, lip pressure increases
between 5 months and 5 years of age. They also found that the
coefficient of variation for lip pressure decreased with increasing
age, supporting this study’s findings of less variance and greater
force stability in older children. Limitations of this study include a
relatively small sample size (N=29) divided across two age groups,
a greater number of female participants (16F/13M), and a greater
number of younger children (16 young/13 older). The scope of the
study can be expanded to include younger children and teenagers to
complement existing data Barlow, et al. [3] sampled using the same
ForceWIN10 system to create a developmental profile of active force
dynamics over the human lifespan. Further research applications
will extend into participants with neuromotor disease and/or
brain injury resulting in movement disorders of the hand and/or
face Barlow, et al. [4]. The real-time visuomotor tracking features
of ForceWIN, also offer many possibilities for motor rehabilitation
applications in patients recovering from cerebrovascular stroke
and other insults to the brain that affect fine motor control.

Conclusion

This study investigated the orofacial and hand force dynamics
of neurotypical children using wireless force transducers and realtime data analytics for the thumb-index finger pinch and the lower
lip compression forces. This study found multiple significant effects
related to muscle group and age. Overall, the lower lip showed a
higher degree of hold-phase variability, slower reaction time,
greater standard deviation, and lower MVCF when compared with
the fingers. For age, the younger children had greater inconsistency
in peak force and hold-phase contractile stability, as well as poorer
end-point accuracy when compared to the older children. The
ForceWIN10 system, featuring wireless sensing technology and
advanced data analytics, has been used to test neurotypical adults
Barlow, et al. [3], and survivors of cerebrovascular ischemic MCA
strokes Barlow, et al. [4]. The present study is the first to demonstrate
the feasibility of ForceWIN10 in a pediatric population to advance
our understanding of active force dynamics and development in the
lower face and thumb-index finger of each hand.
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