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Featured Application: This work was conducted to develop an automated data acquisition system
to monitor the pinch grip in rehabilitation and assessment applications after a stroke.

Abstract: The Upper Extremity Fugl Meyer Assessment (UE-FMA) is the most comprehensive
assessment for pinch impairment after stroke. The pinch test of UE-FMA is manually performed
by pulling a pincer object away from the patient’s fingers while providing a visual observation that
results in a subjective assessment. In this study, an automated data acquisition system that consists
of a linear electric actuator applying automatic pulling to the customized pincer object held by the
volunteer was developed. The pinch force was measured such that a strain gauge was placed on the
pincer object while pulling force was measured using pulling force load cell connected in between
the linear electric actuator and customized pincer object. The pincer object’s slip onset was detected
using a displacement slip sensor. The mean pinch and pulling force values at the slip onset were
12.17 and 6.25 N for right hands, while mean pinch and pulling force values were 11.67 and 5.92 N for
left hands of 50 healthy volunteers, respectively. Based on the paired t-test, there is no significant
difference between right and left hands. The automated data acquisition system can objectively apply
a pulling force, detect the slip onset, and measure the pinch and pulling forces.

Keywords: automated assessment; UE-FMA; pinch force; pulling force; slip onset; strain gauge; stroke

1. Introduction

Globally, stroke is the first leading cause of long-term disability [1]. Many daily activities,
for example, pinching an object, require dynamic manipulation of the thumb and index finger.
Pinch impairment is defined as the inability of the thumb and index finger to produce strength
with sufficient magnitude and directional control, leading to object slipping [2]. Several studies
showed that the recovery of pinch grip takes a longer time than handgrip, and it requires long-term
rehabilitation after stroke [3]. Besides, a recent study conducted by Katab et al. [4] showed that pinch
strength can be used as an alternative assessment to hand strength for assessing muscle strength in
patients. Thus, an effective evaluation of pinch grip is needed to determine the pinch deficits accurately
and objectively [5]. Accurate and objective pinch assessment can be achieved via automation of
traditional standard assessment systems based on available technology. Current technology involves
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pinch gauge and dynamometers to measure the maximum static pinch force which is not related to
object manipulation involved in daily activities [6]. Therapists are still using the standard manual
assessments to evaluate the pinch grip, which is subjective due to the different human interpretations of
the procedures as well as the use of qualitative ordinal scoring. There is no single gold standard pinch
assessment used in clinical and research practices [7]. Pinch evaluation is usually listed as part of upper
limb standard assessments [8–11]. The UE-FMA is arguably the most comprehensive clinical tool for
measuring pinch impairment after stroke [12,13]. The UE-FMA provides step-by-step procedures and
protocols, which are performed by a UE-FMA therapist. The therapist tests the patient’s ability to pinch
a pincer object (in which a pencil or pen is customarily used) and exert enough force to stabilize the
pincer object against gentle pull generated manually by the therapist, as in Figure 1 [14]. A score of 0,
1, or 2 is assigned, which represents severe impairment, partial impairment, and no impairment rating,
respectively. Score 0 is given when the patient cannot execute the pinching at all. Score 1 indicates that
the pincer object is not held firmly against the gentle pull such that slippage occurs, while score 2 is
given when the pincer object is held firmly without slippage against a gentle pull.
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The motivation of carrying out this study stemmed from the lack of studies related to a complete
automated assessment of pinch impairment. In addition, the pinch assessment using UE-FMA
is subjective due to the different interpretations of using the original guideline of UE-FMA [15].
These difference in interpretations may result in the following variations in clinical practice:

1. The orientation of the pincer object is not standardized. Some therapists pull the object horizontally,
while others pull it vertically.

2. The posture of the patients’ shoulder, elbow, forearm, and hand may differ between each clinic
resulting in different pinch force exerted at different postures.

3. The amount of pulling force actuated by the therapist is subjective [16]. This opens the possibility
for low intra-rater and inter-rater reliability of pinch evaluation.

4. The occurrence of slippage, which results in score of either 1 or 2 is visually observed and sensitive
to the therapist experience, skills, and appreciation [17–23].

Due to the previous drawbacks of using the original protocol of UE-FMA assessment, several
studies have been conducted to improve the original UE-FMA protocol. In addressing the orientation
of the pincer object, Page et al. [24] suggested that the therapist should horizontally pull the pincer
object outwards away from the patient’s pinch grasp. Horizontal orientation choice is supported
by other studies [25–27], which report that the brain response leading to pinch has higher latency
responding to the pulling being applied vertically compared to horizontally. Page et al. [24] also
proposed the upper limb posture and concurred with an independent study by Sullivan et al. [28].
Both studies recommend that the patient should be sitting on a chair in a 90◦. Then, the patient should
maintain shoulder at 0◦, elbow at 90◦, and forearm in resting position. The therapist, if necessary,
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may support the patient’s elbow at 90◦. Sullivan has suggested that the therapist can use a bedside
table to support the patient’s arm and elbow. The use of bedside table is supported by other studies,
which reported that the arm weight leads to abnormal coupling between shoulder abduction and
elbow flexion due to abnormal muscle co-activation required to compensate the weight of the arm [29].
Therefore, Ellis and colleagues used arm weight support to reduce the activation of those muscles
(e.g., biceps), which otherwise would be involved in pinching [30,31].

Recently, the research community [21,32–39] have been working on automating UE-FMA, but few
of them involved the pinch grip. Otten and his colleagues [40,41] implemented a glove with built-in
Force Sensing Resistor (FSR) sensors as the data acquisition system to measure the patient’s pinch
force during the evaluation process. Nevertheless, some post-stroke patients with severe to moderate
impairment have muscle contracture and spasticity that lead to difficulties in wearing the glove.
In later studies [42,43], the FSR sensor was attached to the pincer object such that the patient is no
longer required to wear a glove. The pinch force threshold values that distinguish between slip (score 1)
and non-slip (score 2) onsets are useful in determining the baseline measurements to evaluate the
effectiveness of pinch rehabilitation for both right and left hands. In both studies, the discrimination
between scores 1 and 2 was based on the ability of the subject to exert pinch force up to a threshold value.
However, this threshold pinch force value was selected by the therapist which may open the possibility
for uncertainty. Moreover, these studies still have not addressed the issues related to subjectivity of the
manual pull and the limitations of the FSR sensors used in the data acquisition system.

Generally, FSR sensors (also known as a thin-film sensor) have been used for many applications [44]
but they suffer from performance variation as well as low performance [45,46]. The variation in
performance is attributed to the conductive material on the sensor layers being sensitive to temperature
and deformation on the surface [47]. In addition, the variation in performance can be attributed to
the inability to follow the standard calibration procedures resulting in different calibration results
compared to those in the manufacturer’s datasheet. On the other hand, low performance can be
attributed to variation in voltage gain, high hysteresis, nonlinearity, and inaccurate measurements in
real-time pinching [48]. Likitlersuang et al. [49] investigated the performance of the thin-film sensor
when attached directly to human skin. The results show a large measurement error of 23% using the
standard calibration techniques. In addition, the pressure distribution on the sensing area may not be
uniform during slippage due to different pinching contact location.

The main objective was to develop an automated data acquisition system for pinch assessment
based on the standard UE-FMA protocol. In this study, the following research questions were addressed:
(1) Does the slip onset occur at the maximum pinch force? (2) Is there any significant difference
between right and left hands in pinch and pulling forces at the slip onset? In this study, the authors
hypothesized that the maximum pinch force exerted by the volunteer against the automatic pulling
would be located at the slip onset. The authors also hypothesized that the pinch and pulling force
measurements of the right hands are significantly higher than pinch and pulling force measurements
of left hands at the slip onset for right-handed volunteers.

To address the first question, an automated data acquisition system was developed. The automated
system must be able to measure and acquire pinch and pulling forces as well as slip displacement
accurately and automatically. The automated system uses linear electric actuator applying automatic
pull, customized pinch force load cell measuring the pinch force, pulling force load cell measuring
the pulling force, and Linear Variable Differential Transformer (LVDT) displacement sensor detecting
the slip onset. The sensors and actuator were calibrated and then integrated together with Arduino®

Due board. Subsequently, the data from 50 right-handed male volunteers within the age of 18–24 years
were collected according to the UE-FMA protocol to establish the relationship between pulling and
pinch forces in order to observe the slip onset. The paired t-test was performed on collected data to
address the second question.



Appl. Sci. 2020, 10, 3436 4 of 18

2. Materials and Methods

2.1. Pinch Data Acquisition System

The experimental setup of the data acquisition system is described in Figure 2. It consists of:

1. Displacement sensor: LVDT sensor (1) with Low Pass Filter (9).
2. Linear actuator system: including linear electric actuator (2) and servo motor driver (8).
3. Customized Pinch force load cell: pincer object (4), Wheatstone bridge (5), and an amplifier (6).
4. Pulling force load cell: load cell (3) and an amplifier (11).
5. Data acquisition card: Arduino® Due board (Arduino LLC, Torino, Italy) (11) and Arduino® IDE

1.8.5 software (arduino.cc) [50].
6. DC power supply (7).

In our previous work [51], a customized pinch force load cell based on strain gauge was designed,
fabricated, and calibrated. The customized pinch force load cell is composed of three parts: pincer
object, strain gauge, and signal conditioning circuit. The pincer object was fabricated to mimic a pencil,
as used in UE-FMA, which represents a cylindrical object with a diameter of 12 mm and 150 mm
length. In order for a strain gauge to measure the bending at the pinching location near the free
edge of the pincer object, a 4 mm slot cut was created, as shown in Figure 3. The slot cut starts from
the free end to the middle of the pincer object, similar to the shape of a tuning fork. The pinching
location is within 20 mm from the free edge and is adequate to cover the fingertip length. A 350-ohm
strain gauge (SGK-L1-D-K350P-PC11-E) was placed at the maximum stress point. The maximum
stress point was determined based on the stress analysis performed using ANSYS® finite element
software (Version 15.0, ANSYS Inc, Canonsburg, PA, USA) as shown in Figure 4. The conditioning
circuit consists of a quarter Wheatstone bridge and an amplifier. The quarter Wheatstone bridge was
implemented to convert the strain gauge resistance change to voltage change when pinching occurs.
However, the voltage change was too small. Thus, a commercial amplifier (Wachendorff Strain Gauge
Converter®, SENECA s.r.l., Padova, Italy) with a gain of 1000 was used.
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The standard strain gauge calibration of force–voltage is usually performed for one contact
location only. However, in the pinch test of UE-FMA, the contact location may vary due to the different
initial pinching location of each volunteer. Furthermore, the contact location may also vary during the
automatic pull, which causes slipping. Therefore, a continuous relationship of force–voltage for all
possible contact points along the pinching length is required. This can be achieved by performing a
multipoint calibration at five contact points away from the free edge (4.1, 5.8, 11.5, 16.5, and 20.2 mm).
The multipoint calibration was performed using a mechanical testing system (INSTRON® 3366, Illinois
Tool Works Inc, Norwood, MA, USA) by applying dynamic loading (0–50 N), as shown in Figure 5.
The pincer object was held stationary on the INSTRON® 3366 base during calibration by applying
glue on both sides of the pincer object to prevent any movement, as shown in Figure 5. As a result,
five force–voltage curves were generated, as depicted in Figure 6a. The voltage and force data were
recorded from the customized pinch force load cell and the INSTRON® 3366 machine. Subsequently,
the continuous relationship of force as a function of voltage and position was modeled using linear
regression function, as depicted in Figure 6b. The linear correlation coefficient R2 of 0.9896 indicates
high linearity. Using the linear plane model equation (Equation (1)), the force measurements can be
estimated at any contact point within pinching length given the measurements of voltage and position,
which were collected from the pinch force load cell and the LVDT sensor, respectively.

Force = −0.9447 + 0.02371 × Voltage + 0.3632 × Position, (1)

In performing the hysteresis test to the customized pinch force load cell, dynamic loading (0–50 N)
and unloading (from 50 to 0 N) were applied at the contact point 11.5 mm, which is approximately
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at the midpoint of the pinching length. Figure A1 (Appendix A) shows the loading and unloading
curves of voltage and force measurements recorded from the pinch force load cell and INSTRON® 3366
machine, respectively. The solid line is the force–voltage relationship for dynamic loading, while the
dotted line is the force–voltage relationship for dynamic unloading. The hysteresis is defined as the
difference in voltage offset between loading and unloading lines at the midpoint on the force axis.
The following formula gives the percentage of hysteresis:

Hysteresis = 100% × (Vmu − Vml)/(Vmax − Vmin) = 0.287%. (2)

where Vmu (892.46 mV) is the voltage value on the unloading line in Figure A1 at midpoint force
Fm (23.86 N), Vml (898.1 mV) is the voltage value on the loading line at Fm, Vmax (1960.86 mV) is
the maximum voltage value on the loading line, and Vmin (0 mV) is the minimum voltage value on
the unloading line. The hysteresis of 0.287% can be considered negligible [52]. Furthermore, it is
much lower than the hysteresis of thin-film pressure sensors (5%) [53]. Similar hysteresis tests were
performed at the other contact points resulting in similarly negligible hysteresis.
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In performing the repeatability test, a dynamic loading (0–50 N) was applied three times at the
contact point 11.5 mm. The Coefficient of Variation (CV) was used to calculate the repeatability. CV is
given by the ratio between standard deviation and mean values of three repeated voltage measurements
at each force point ranging from Fmin (2.28 N) to Fmax (50 N). Then, all CVs are averaged to provide a
single CV [49,54]. The “Cfvar” function in SPSS Statistics® V21 was used to calculate the CV. The CV
value of 1.43 ± 0.447% was obtained which indicates high repeatability [55]. In addition, it is smaller
than the CV value of thin-film pressure sensors (2.1 ± 2.3%) [49].

In replacing the manual gentle pull by the therapist, a linear electric system was used. The linear
actuator system consists of a linear electric actuator, AC servo motor, AC servo driver, and Arduino®

Due. To run the linear electric actuator, an AC servo motor (SM0602—400 Watt) was coupled in-line to
the drive cap of the linear electric actuator. The output analog signal of Arduino® Due controls the
AC servo motor through the AC servo driver (M2DV-3D02R). The linear actuator system can exert
automatic pulling force ranging from 0 to 63.25 N with a resolution of 0.5 N.

A pulling force is produced when the volunteer pinches the pincer object and then resists
the automatic pull generated by the linear actuator system. An off-the-shelf pulling force load cell
(STA-1-50 Aluminium S Type Tension) is located between the pincer object and the linear electric
actuator to measure the pulling force. The voltage–force relationship of the pulling force load cell was
established by the manufacturer, as shown in Figure 7. The pulling force load cell has 0.03% accuracy,
0.01% repeatability, 0.05 N resolution, and R2 = 1 linearity.
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In detecting the slip onset, the LVDT displacement sensor was used. The LVDT sensor and
linear electric actuator were clamped together such that they move in parallel. The output signal
of the LVDT sensor was filtered with an analog Low Pass Filter (LPF) of 20 Hz cut off frequency to
remove the high-frequency noise. Since the pinching length is only 20 mm, the LVDT sensor was
calibrated at 0-, 5-, 10-, 15-, and 20-mm displacement points using a standard digital caliper with
0.05 mm resolution. The calibration process was repeated three times to perform the repeatability test,
as mentioned previously for the pinch force load cell. The three voltage–displacement relationships
show high linearity of R2 = 0.9999, as shown in Figure 8. The repeatability of the LVDT sensor is
9.57 × 10−5%, which indicates high repeatability. The analog signals of the customized pinch force load
cell, pulling force load cell, and LVDT sensors were converted to digital inside the Arduino® Due and
then recorded in a PC installed with Arduino® IDE software. The diagram that illustrates the data
acquisition process is shown in Figure 9.
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2.2. Volunteers Recruitment and Experimental Protocol

Fifty right-handed healthy male students participated. All volunteers had no prior history of
upper limb injury and passed the health status questionnaire (SF-36). To avoid bias in the force
measurements, the study was conducted on a single-gender because males and females have different
pinch strength [56]. Furthermore, the study excluded construction workers and professional sportsmen
as they have stronger pinch force than the average male population [57]. The mean age, height,
and weight for volunteers were 21.86 ± 1.41 years, 170.41 ± 7.03 cm, and 69.49 ± 17.9 kg, respectively.
Ethical approval (Reference number: JKEUPM-2017-248) for this study was obtained from The Ethics
Committee for Research Involving Human Subjects of Universiti Putra Malaysia.

In this study, the improved wrist/hand UE-FMA protocol by Page et al. [24] was adopted.
The volunteers were instructed to sit at 90◦ on a chair, shoulder in the neutral position, elbow at 90◦,
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and forearm in resting position. A bedside table was positioned to support the volunteer’s arm and
elbow, as shown in Figure 10a. The volunteers were also instructed to clean and dry their hands
before commencing the experiment to avoid any influence of moisture through sweat. Then, they were
instructed to hold the pincer object comfortably using their thumb and index fingertips, as in Figure 10b.
Once the linear actuator started to pull the pincer object, the volunteers attempted to resist this pulling
as much as possible. Since no visual feedback was provided, the volunteer had to react and adjust
accordingly to the perceived amount of pulling force. To achieve pinch stability, the pinch force
had to be adjusted in proportion to the changes in the pulling force. The linear actuator stopped
exerting pulling force the moment the pincer object had totally slipped away from the volunteer’s
fingers, and this was indicated by a 20-mm displacement slip. Figure A2 (Appendix A) demonstrates
the flowchart to execute the experiment. The data collection involved both right and left hands.
The duration of one trial began when the linear actuator received the control signal from the Arduino®

Due, and ended the instant the pincer object slipped totally away. The analysis of the recorded data
showed the pinch and pulling force values at the slip onset. The slip onset was defined as the moment
when the pincer object started to shift with respect to the starting position, indicating that the object
slipped away from the volunteer’s fingers. During the trial, one set of measurements, which included
the pinch force, pulling force, and displacement, were recorded, resulting in 300 datasets (50 volunteers
× 2 hands × 3 trials per hand). To reduce the effect of the physical and mental fatigue, an adequate
resting period of 3 min was given between each trial. Cronbach’s alpha (α) was used to measure the
reliability among the three trials of the hand, which as computed using the following formula [58]:

α =
N.c

v + (N − 1).c
(3)

where N is the number of trials, c is the average inter-item covariance among the trials, and v is the
average variance.
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Figure 10. (a) Body and upper limb positioning during the experiment; and (b) thumb and index finger
opposed onto the pincer object. Note that the volunteer should resist the automatic pull applied by the
linear actuator system.

3. Results

Figure 11a shows data recorded from one trial of one volunteer. The pinch force, pulling force,
and displacement signals were recorded from the customized pinch force load cell, pulling force
load cell, and the LVDT sensor, respectively. The linear electric actuator started to pull the pincer
object, as indicated by a sudden increase in the pinch and pulling force signals at 3 s. The volunteer
exerted pinch force increased as the pulling force increased gradually. From this point, the pincer
object totally slipped away from volunteer’s fingers, as indicated by a sudden increase in displacement
measurements at 20 s. For each trial, it was important to extract the pinch and pulling force values at
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the slip onset. The slip onset is the point that differentiates between slip and non-slip where the pincer
object begins to slip and is the first instance where the displacement started to increase from a relatively
flat level. In Figure 11a, it is difficult to determine the slip onset visually due to the small magnitude
of the increase in the displacement absolute scale (mm). In addition, the increase in displacement is
nonlinear, thus a nonlinear scaling is required. Subsequently, the nonlinear decibel scale (dB) was used
such that the logarithm base 10 of the displacement absolute value was multiplied by 20 to provide the
necessary scaling. Upon that, the slip onset was precisely determined at 12 s, as shown in Figure 11b.
The pinch and pulling force values at the slip onset (12 s) were 15.39 and 7.05 N, respectively.
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Figure 11. (a) One trial recorded from one volunteer; and (b) displacement in decibel scale.

Since the static coefficient of friction of copper alloy is constant, it is expected that the relationship
between pinch and pulling force prior to slip onset is linear. Figure 12 shows the pinch–pulling force
relationship before and after the slip onset. It was observed that the volunteer initially exerted excessive
resistance (indicated by a sudden increase in pulling force), because he had to react and adjust the
pinch force according to the perceived automatic pull generated by the linear actuator. There was also
some nonlinearity observed at 12 and 14.5 N pinch forces that were probably due to the absence of
visual feedback as well as the continuous increase in the amount of automatic pull. Prior to the slip
onset, the pinch–force relationship had high linearity of R2 = 0.8971, while the linearity decreased to
R2 = 0.5845 after the slip onset. This decrease in linearity as due to the inability of the volunteer to
exert pinch force according to the continuous increasing of pulling force, which was indicated by the
continuous slipping. The COF was computed as the ratio of pulling force to the pinch force at the slip
onset, which was equal to 0.45 (7.05/15.39).
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For each hand, three trials were recorded, and then the pinch and pulling force values were
extracted at the slip onsets using the same criteria involved in the above trial. Figure A3a (Appendix A)
shows the three trials collected from the right hand of a volunteer. It can be observed that the pinch force
signals were close to each other during the three trials, and they had excellent reliability (Cronbach’s



Appl. Sci. 2020, 10, 3436 11 of 18

alpha = 0.989). This was also observed for pulling force signals (Cronbach’s alpha = 0.969). Based on
the displacement measurements after being converted to decibels, the slip onsets were at 17, 14, and 12 s
for Trials 1–3, respectively, as shown in Figure A3b. The pinch and pulling force values at the slip onsets
as well as the static COFs are summarized in Table 1. The interpretation is that this volunteer could
exert an average pinch force of 15.93 N against the maximum automatic pull of 7.65 N without slipping.

Table 1. Measurements recorded from the right hand of a volunteer.

Variables Trial 1 Trial 2 Trial 3 Average

Pinch force (N) 14.61 17.81 15.39 15.93
Pulling force (N) 7.29 8.61 7.05 7.65

Static COF 0.498 0.483 0.458 0.48

For each hand of the 50 volunteers, the pinch and pulling force values as well as the static COFs
of the three trials were averaged, resulting in three averaged values (as demonstrated in Table 1).
Figure 13 shows the distribution of averaged values collected from the right and left hands of the
50 volunteers. It is clear that the distribution has an approximately normal bell-shape and no skewness
exists. The mean, standard deviation, and range of pinch and pulling force values as well as static COF
of right and left hands are summarized in Table 2. It was found that the mean pinch and pulling force
values of right hands were slightly higher than those of lefts hands by 4.1% and 5.28%, respectively.
However, there were no significant differences between right and left hands based on the paired t-test
at the confidence level of p = 0.05. The paired t-test shows a p-value of 0.298 and 0.275 for pinch
and pulling force, respectively. The average time duration for each hand was around 7 min, which
included three trials (around 20 s for each trial depending on the amount of time for the pincer object
to slip away from the fingers) with two resting periods in between (3 min for each resting period).
Considering each volunteer performed the same experiment with both hands, a total time duration of
around 14 min was involved.
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Table 2. Summary of pinch force, pulling force, and static COF values at slip onset for 50 volunteers.

Variable Mean Standard Deviation Range

Pinch force (N) Right hand 12.17 3.02 5.36–18.48
Left hand 11.67 2.82 6.79–17.67

Pulling force (N) Right hand 6.25 2.19 2.37–10.77
Left hand 5.92 1.86 1.88–10.67

Static COF
Right hand 0.518 0.146 0.27–0.85
Left hand 0.517 0.145 0.23–0.81

4. Discussion

In 274 trials (91.3% of total trials), the volunteers could adjust the pinch force in proportion to
the changes in pulling force. However, the remaining trials were excluded prior to analysis due to
improper adjustment of pinch force to the pulling force. This is considered as human errors such that
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the volunteers might not follow the experiment’s procedures and instructions probably due to delay in
reaction, missing the instructions, or absence of visual feedback. According to the UE-FMA protocol,
the subject should resist a gentle pull to avoid slip. This means that the pincer object slips when
the subject is no longer able to exert enough pinch force. In this study, it was initially hypothesized
that the slip onset was expected at the maximum pinch force just before the point where the pincer
object totally slipped. Interestingly, it was found that the slip onset occurred much earlier and was
subjected to a sub-maximal pinch force. This result opens up the possibility of using the slip onset as a
measurement of pinch improvement such that the patient would develop a stronger pinch force over
rehabilitation time at the slip onset. Furthermore, the continuous changes of slip onset would improve
the responsiveness of the pinch assessment such that the scoring is not subjected only to score 1 and 2
as in the current UE-FMA scoring criteria.

The pinch–force relationship was found to be linear prior to the slip onset as the static COF
between human skin and copper alloy was constant. However, there was some variability in pinch
and pulling force, as indicated by peaks approximately at 7.5, 12, and 14.5 N, as depicted in Figure 12.
The highest variability was observed at 7.5 N pinch force at the loading phase in which the linear electric
actuator started to pull. This is consistent with previous studies stated that the subjects generally
show stronger pinch forces at the loading phase [59]. Besides, the pinch force rate (N/s) reached the
highest at the loading phase when the volunteer was subjected to unpredictable loading [27]. The study
conducted by Takamuku et al. [60] showed that pinch force variability is lower when visual feedback is
provided to the subject. In addition, the pinch force control is greatly influenced by the safety margin
factor during the unpredictable loading [61]. The safety margin is an additional amount of pinch force
applied to guard against slip, which is different from volunteer to volunteer [62]. The other two peaks
at 12 and 14.5 N can be interpreted such that the volunteer should adapt his pinch force against the
continuous automatic pull without visual feedback; hence, the safety margin is continuously changed
to adapt the continuous increase in pulling force. Therefore, it is possible that the volunteer may
unconsciously fail to adapt his pinch force to the increase in pulling force at some events. The safety
margin is also influenced by the static COF [63], such that it will be high in the case of slippery object
as in copper alloy used in our experiment. The pinch–pulling force relationship can be used as an
assessment for pinch force control against unpredictable loading for stroke patients.

The CV value (represented by standard deviation divided by the mean) indicates how well the
mean values of pinch and pulling forces summarizes the whole dataset. Interpretation of CV may
vary; the rule of thumb can be used, which states the CV value of under 1 shows a small variance [64].
In this study, the CV values were 0.248 and 0.35 for pinch and pulling forces of the right hands,
respectively. The CV values were 0.241 and 0.31 for pinch and pulling forces of left hands, respectively.
Hence, the mean pinch and pulling force values are a reasonable representation of healthy adults in
Malaysia. The results also indicate that the pinch and pulling force vary among the volunteers at the
slip onset, which is expected as each volunteer has a different body size, hand size, and amount of
safety margin. For instance, a bigger fingertip size leads to a larger contact area between the fingertip
and the object’s surface. Consequently, larger contact area would lead to larger pinch force, as reported
in a related study by Derler et al. [65], who showed that there is a positive association between contact
area and force exerted by the index finger. In addition, each volunteer has different skin characteristics
such as oiliness, moisture, roughness, and age that may affect the friction between fingertip skin and
pincer object’s surface. In this study, the mean static COFs for right and left hands were computed as
0.518 ± 0.146 and 0.517 ± 0.145, respectively. This is relatively consistent with previous findings related
to measuring COF between human skin and copper material, reported by Sivamani et al. [66] (mean
COF = 0.55) and Li et al. [67] (mean COF = 0.58).

In the literature, many studies have reported a significant difference in maximum pinch force
between right and left hands [68]. Although our results show a slight increase in the means of pinch
and pulling force for right hand compared to the left hand, there was no significant difference (p > 0.05).
Thus, it is not required to distinguish between right and left hands when a single-gender group is
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recruited for further research. Furthermore, the unaffected hand can be used as a reference for the
affected hand during the rehabilitation of post-stroke patients. The explanation of this result can be
that the volunteers did not exert their maximum pinch force at the slip onset. This is consistent with a
study conducted by Li and Yu [69], who reported that there is no significant difference between left
and right hands when the grip force is at 25%, 50%, and 75% of the maximum force. The results of
their study indicate that there is a significant difference only at maximum grip force.

Recently, three main components of the assessment system are required for an assessment system
to be fully automated: administration, data acquisition, and rating [19]. Administration involves the
instructions and procedures to evaluate the patient, while the data acquisition involves obtaining the
outcome measurements from patients. Rating is the criteria to evaluate the outcome measurements
of the patients, which are usually designed as an ordinal scale. In this study, only the pinch data
acquisition system is automated based on UE-FMA protocol. The limitation of this study is that
the administration and rating components are not yet automated. In the future, this limitation will
be addressed, such that stroke patients with pinch deficits at different levels of impairment (severe,
moderate, and mild) will be recruited to determine the threshold values for each level so that an
automated rating process can be performed. In addition, the administration of the pinch test will be
automated by including a graphical user interface to visualize the instructions and procedures.

To use the automated data acquisition system in clinical practice based on UE-FMA protocol,
the design can be improved to be more compact, less wires, and portable by: (1) replacing the DC power
supply with a portable DC battery to power the two amplifiers and LVDT sensor; (2) using a customized
small size linear electric actuator as the with pulling force of smaller than 15 N; and (3) using a wireless
connection (e.g., ZigBee module) to transmit/receive digitalized signals to/from the PC instead of signal
wires. This improvement will be addressed in the future work.

5. Conclusions

In this paper, an automated data acquisition system for pinch assessment based on UE-FMA
protocol is presented. The automated system is able to provide objective measurements of pinch and
pulling forces and detect slip onset rather than the subjective manual gentle pull and visual observation
of slipping occurrence. In addition, the therapist’s gentle pull has been replaced with a linear actuator
sub-system exerting a consistent amount of pulling force. Right and lefts hands of 50 volunteers
were recruited to investigate the pinch and pulling force measurements at the slip onset using the
developed system. The pinch–pulling force relationship is linear, which is indicated by a proportional
increase of pinch force against the continuous increase of pulling force prior to slip onset. In addition,
the volunteers were subjected to submaximal pinch force at the slip onset. The mean pinch force
values at the slip onset were 12.17 and 11.67 N for right and left hands, respectively. The mean pulling
force values at the slip onset were 6.25 and 5.92 N for right and left hands, respectively. It was found
that there is no significant difference in force measurements between right and left hands. A further
study can be conducted to investigate the hypothesis of considering slip onset and pinch–pulling force
relationship as a pinch assessment for stroke patients.
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