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Abstract: This study aimed to investigate the acute effect of grip and feed exertions on the vascular
system at the fingers during exposure to hand-arm vibration (HAV), and to identify which active
hand force situation would have the most effect on finger vascular function. A total of 12 individuals
attended the test, and each of them were subjected to eight sets of force-and-vibration situations:
four with combinations of forces and vibration, and four control ones with only hand forces applied.
The vibration stimulus was applied on the right hand at 2.75 m/s? with a frequency of 125 Hz for
three minutes, during which the application of grip and feed forces were set at either 10 N or 50 N.
The weakening of the finger vascular function was reflected by a reduction in the finger blood flow
(FBF) and finger skin temperature (FST). They were tested on both hands at fixed intervals before,
during and after the exposure for in-time measurement. Hand forces resulted in clear reductions in
FBF and FST in exposed right fingers whether the force was exerted solely or combined with vibra-
tion. The greater the hand force (especially grip force), the stronger the vascular response, while the
additional reductions in FBF and FST from vibration were not significant. In the non-exposed left
fingers, no significant changes in finger circulation occurred in response to force or vibration. Gen-
erally, vibration-induced acute finger vasoconstriction was affected by the hand forces, in which
hand force seemed to play a more important part than vibration. A larger grip force would lead to
a greater loss in the digital circulation than feed force. Thus, the level of hand force exerted on the
tool handle should be limited to reduce the risk of harm from HAV.
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1. Introduction

Engaging in an occupation requiring regular exposure to HAV is assumed to have
many chronic adverse effects, which are manifested as hand-arm vibration syndrome
(HAVS) [1,2]. One of the most evident symptoms is known as the white finger, with finger
blanching and vasospasms occurring after a cold attack [3]. People at risk of developing
HAVS have taken on many interventions, such as wearing gloves where possible and
working in shifts, but the cases of white finger remain high. In Great Britain alone, nearly
2 million people are at risk and there have been 4490 new severe cases in the last decade
[29,30]. In order to explore the mechanisms responsible for the abnormality, many epide-
miological studies of follow-up chronic cases have been carried out for years [4,5]. Since
short-term vibration can cause relevant symptoms, laboratory research can also help to
unravel the involved pathology by identifying acute vascular dysfunction, e.g., alterations
in finger circulation.

Recent experimental studies have made progress in monitoring the circulatory re-
sponse to HAV [6,7]. Detailed characteristics of vibration such as the magnitude, fre-
quency, duration, and direction are noted to have an acute effect on finger vascular func-
tion with controlled contact conditions. In addition, the force acting on the vibrator is an-
other important factor in acute exposure, as vibration cannot be transmitted
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independently of force. Great forces are also associated with more vibration energy trans-
mitted from the contact area.

Many studies have encompassed the influence of contact force on the circulatory ef-
fects, for the most part with hands pressing down on the flat contactor. Some results have
been obtained regarding whether the blood flow would be affected by the applied force
alone or the combination of force and vibration. Bovenzi et al. pointed out that even mod-
est levels of force (2 N or 5 N) without HAV could lead to a reduction in FBF on the ex-
posed fingers but no change in other fingers. When applying the HAYV, the effects of con-
tact force interacted with the vibration to provoke additional vasoconstriction in the FBF
that were not limited to the exposed fingers [8]. Another study conducted by Griffin et al.
found that a force of 20 N on the palm of the right hand was capable of altering the finger
circulation in both the ipsilateral fingers and contralateral fingers [9]. Other research came
to a different conclusion that exposure to force alone would not induce any change in the
FBF, though the forces applied were relatively small (around 2 N) [10,11].

However, these conclusions are not applicable in relation to blood flow response with
the actual contact force. Most hand-held vibration tools are equipped with a handle struc-
ture, and the distribution of interface stress over the handle is complex. For the sake of
simplicity, the force exerted can be seen as the combination of grip force and feed force
(also known as push force if in the forward direction). Considering grasping a power hand
tool, the amount of force exertion should be large enough in order to avoid sliding [12];
thus, the role of these active forces is likely to have been overlooked. Considerably little
research has been previously conducted on the vascular response of fingers on the handle.

This study aimed to investigate whether and how the circulatory effect of vibration
would be influenced by the presence of applied force on the vibrating handle. It was hy-
pothesised that active force applied would have a great impact on altering the circulatory
effects of vibration, and grip force and feed force would not exhibit an equal effect on the
finger circulation.

2. Methods
2.1. Participants

A total of 12 healthy male subjects participated in the experiment. All of them were
students from the University of Southampton and were aged between 22 and 29 years
(mean 25.3, SD 2.2). The subjects read written instructions and gave informed consent be-
fore commencing the experiment, which was approved by the Human Experimentation
Safety and Ethics Committee at the University of Southampton (ERGO/FEPS/55633). They
were screened using a health questionnaire to exclude those with vibration exposure his-
tory or other medical problems known to affect finger circulation. Prior to the test, they
avoided alcohol for 12 h and caffeine assumption for 2 h to minimise the influence of al-
cohol and caffeine on their blood circulation.

The mean stature and mean mass of the subjects were 174.2 (SD 5.3; range 165-183)
cm and 71.5 (SD 9.2; range 55-83) kg. Hand sizes were measured according to BS EN ISO
21420:2020 [13]. Their mean hand circumference was 19.3 (SD 1.1; range 17-21.5) cm, and
their mean hand length (distance between the wrist and the tip of the middle finger) was
18.4 (SD 0.8; range 17.0-20.0) cm.

2.2. Measurements of Finger Circulation

Testing of finger blood flow was conducted on the subjects by strain-gauge plethys-
mography. Pressure cuffs (Hokanson) for air inflation were attached around the subject’s
middle phalanx and a strain-gauge was applied at the nail base to monitor rises in finger-
tip volumes during venous occlusion, so that the change in FBF could be derived. Both
the pressure cuff and strain gauge were connected to an HVLab Multi-channel plethysmo-
graph (CE marked medical device, University of Southampton, Southampton, UK). This



Vibration 2022, 5,

method is a non-invasive method to monitor the digit circulation, and was described in
previous literature [14,15].

Testing of the finger skin temperature involved the use of a digital thermometer fas-
tened by micropore tape to the middle phalanx of fingers on the backside. A mercury
thermometer displayed the room temperature on its screen with an accuracy of +0.5 °C.

2.3. Motion Stimuli and Force Range

The experiment was conducted using an electrodynamic vibrator (Derritron VP30,
Derritron, Hastings,United Kingdom). The produced vibrations were sinusoidal acceler-
ation stimuli with a single frequency of 125 Hz since the Pansini channel found to be as-
sociated with vibration disorders was sensitive to vibration stimulation around this fre-
quency. The vibration magnitude was set as 2.75 m/s? r.m.s. (weighted) (unweighted: 22
m/s?r.m.s.) according to ISO 5349 [16] and the total amount was 0.6522 m/s? r.m.s. in terms
of the A(8) value.

The vibrator produced vibration along the z-axis and was positioned horizontally as
shown in Figure 1. An instrumented cylindrical vibrating handle of 40 mm diameter was
fixed to the vibrator. As subjects grasped and pushed the handle using their right hands
with the bending-arm position, the vibration was applied to the right upper arms in the
zr-axis direction. A tri-axial accelerometer (Briiel and Kjeer piezoelectric type, Briiel &
Kjeer, Neerum, Danmark) was placed on the base of the handle to measure the magnitude
of the vibrational excitation. The other two tri-axial accelerometers (Kionix KXD94, Kionix
, Ithaca, NY, USA; sensitivity: 200 mV/g; measuring range: +10 g) were attached at the
subject’s right wrist and right elbow, separately measuring the transmitted vibration. The
signals from the three accelerometers were amplified by charge amplifiers (Fylde and
128CA) and low-pass filtered and sampled at 512 samples per second by a computer-
based analysis system comprising a National Instrument NI USB-6211 16-bit data acqui-
sition board.

(a) [

HVLab Multi-channel

Plethysmograph
Signal

conditioner

Position of the subjects
when exposed to motion.

Figure 1. (a) The experimental set-up. (b) The tri-axial accelerometers used to measure the vibration
transmitted to the subject. (c) The close-up shows the posture and position of the subject when ex-
posed to the motion by grasping the instrumented handle. Two accelerometers were attached to the
subject’s wrist and elbow, respectively, fastened by micropore tape.

The handle comprised four Kistler force sensors (gauge resistance: 120 Q), two for
measurement of the grip force and two for the feed and total dynamic force. The measured
grip and feed forces were displayed on a screen in front of the participants to help them
keep the hand forces within the desired ranges (deviation of less than 4 N).
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The grip and feed forces attached to the handle were designed to differ significantly
between conditions but within a reasonable range. Therefore, the magnitudes of both the
grip and feed forces were adjusted to 10 N and 50 N (less than 50% of the maximal grip
strength) to produce sufficient range effects as well as limiting the overall discomfort.

To compare the effects of hand forces alone and the combined effects of hand force
and vibration, two groups were created: the vibration group and the control group. HAV
and force stimulation were combined in the vibration group, while only the force was
applied in the control group. Based on the cross-combination of grip and feed forces, there
were four situations in each group, as shown in Table 1.

Table 1. The eight force-and-vibration situations experienced by subjects.

I G10+F10+ HAV G50 +F50+ HAV G10+F50 + HAV G50 + F10 + HAV
Vibration group

(Vi1) (V55) (V15) (V51)
Control grou G10 +F10 G50 +F50 G10 +F50 G50 + F10
e (C11) (C35) (C15) (C51)

G: grip force (N); F: feed force (N).

2.4. Experimental Procedure

Subjects were habituated at room temperature for five minutes before the session
began.

During the session, participants were asked to take a relaxed upright seating position
with their left arms and hands supported at the heart level. Their right hands held the
instrumented handle with bending-arm posture at a similar height (slightly lower), under
eight force-and-vibration conditions, as described previously. In each condition, subjects
experienced a period of seven minutes, as shown in Figure 2:

e  Period 1: no force and no vibration (2 min): measurement of FBF and FST;
e  Period 2: force (and vibration) (3 min): measurement of FBF, FST, and acceleration;
e  Period 3: no force and no vibration (2 min): measurement of FBF and FST.

For the vibration group, a 3-min sinusoidal 125-Hz vibration at 22 m/s? r.m.s. (un-
weighted) was applied during period 2 followed by a 2-min recovery period. After that,
subjects were allowed to have an extra break and adjust the amount of the next attached
force, while remaining seated comfortably at all times. Different conditions were carried
out at random.

Measurement of FBF was taken every 30 s in the right index and fourth fingers, and
also in the index and fourth fingers of contralateral (left) hands. FST was recorded every
30 s in the middle fingers of both hands. Accelerations at the right wrist and right elbow
were measured during period 2 (Figure 2) to calculate the transmissibility related to the
vibration energy dissipation or absorption.

Period 1 Period 2 Period 3 Period 1'

Rest values Grasping of handle Recovery

€— 2 min —pie—— 3min ———>i€— 2min —»  €— 2 min —»

Figure 2. Timeline events during one experimental trial. Subjects experienced various force-and-
vibration conditions during period 2 by grasping the handle. Period 1 of the following trial can be
regarded as the latter part of the recovery period of the previous round.

2.5. Statistical Analysis

Percentage changes of FBF (%FBF) were introduced to avoid unintentional changes
in flow velocity during different test periods, while the absolute value of FST was directly
used as the room temperature was controlled. The vibration transmissibility was
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determined by the amplitude ratio of the input acceleration at the handle to the transmit-
ted acceleration measured by the accelerometers on the forearms.

The data were analysed using a non-parametric method in SPSS. To quantify the sig-
nificance of the differences in the FST and %FBF, the Friedman test was performed and
the Wilcoxon matched-pairs signed ranks were determined between conditions with dif-
ferent hand forces and vibration levels. Additionally, the Spearman correlation analysis
of finger vascular response and transmissibility was carried out to determine the depend-
ence of vasoconstriction in the fingers on the absorbed energy in the forearm. Statistical
significance was indicated when the p-value fell below 0.05.

3. Results

Figure 3 below presents the overall pattern of the median values of the percentage
changes of FBF (% of pre-exposure) in the index and fourth right (exposed, ipsilateral)
fingers, and the index and fourth left (unexposed, contralateral) fingers across the 7-min
period and the eight exposure conditions. The experiment was conducted at a controlled
room temperature of 24 + 2 °C (mean 25.05, SD 1.20).

. . ) b . .
Right(exposed) index finger (b) Right(exposed) fourth finger
Iode s
-w0-- CM --e-- C15 --0-- C11 --e-- C15
—o— V11 —e— V15 —o— V11 —e— V15
--m-- C55 --o-- 51 --m-- G55 | --0-- C51
—s— V55 —— V51 —s— V55 | —— V51
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Figure 3. Percentage change of finger blood flow (% of pre-exposure) in the (a) index and (b) fourth
right fingers (R2, R4, ipsilateral to hand force and vibration), and the (c) index and (d) fourth left
fingers (L2, L4, contralateral) during the eight exposure conditions (see Table 1). The resting period
of each following round was considered as the latter part of the recovery period of the previous
round. The two dashed lines correspond to the time points at which exposure begun and ended,
respectively. Plotted symbols are median values.

3.1. Finger Circulation during Pre-Exposure Period

Before exposure to either hand force alone or in combination with vibration, no sig-
nificant changes in FBF were found for both hands across the eight experimental condi-
tions (p = 0.052-0.369, Friedman). During period 1, FBF averaged 3.81 mL/100 mL/s for
the index right finger, 3.99 mL/100 mL/s for the fourth right finger, 3.67 mL/100 mL/s for
the index left finger, and 3.40 mL/100 mL/s for the fourth left finger. The rest levels of
exposed fingers were slightly higher than those of unexposed fingers, which might be the
result of the right arm bending close to the heart and the left arm straightening naturally.

The baseline measure of FST varied between subjects and was in the range 30.5-34.8
°C for both hands. As can be seen in Figure 4 below, the FST was not exactly the same at
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the beginning of different conditions, but the sets of measures of FST in each condition
did not differ during the pre-exposure period (right hand, p = 0.716; left hand, p = 0.088;
Friedman). There were no significant differences in the pre-exposure measures of FST be-
tween the exposed and unexposed fingers (p = 0.715-1.000, Wilcoxon).

The initial values of the FBF and FST varied among different subjects, but neither the
FBF nor the FST was found to be correlated to the subjects” BMI (p = 0.193-0.871, Spear-
man).

Right(exposed) middle finger

(a)a10 (b)
335
33.0 .
325 et

32.0

" e e

315 B —o— V11 F —e— V15
u --m-- G55 --0-- C51
—_ 31.0 —=— V55 r —o— V51
é‘l 305+ Base  Exposure Recovery I Base | Exposure, Recovery
o Left{unexposed) middle finger
(€) 340 (d),
335 ol

r ::;\V-"r/“\___ -y
33.0 7
225 \b//\.—o/‘”\C

32.0 —e-- C15
315 ngj
31.0 —o— V51
30.5+ Base ' Exposure' Recovery [ Base ! Exposure: Recovery

0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 56 7 8 9
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Figure 4. Absolute change of finger skin temperature in the (a) and (b) right (exposed) fingers and
(c) and (d) left (unexposed) fingers at every minute during the eight exposure conditions (see Table
1). The resting period of each following round was considered as the latter part of the recovery
period of the previous round. Plotted symbols are median values of FST.

3.2. Effects of Hand Force on Finger Circulation

As shown in Figure 3a,b, exposure to hand force alone during period 2 (see Figure 2)
induced a clear fall in FBF in two exposed right fingers compared to the pre-exposure
(period 1) and the recovery (period 3) (p < 0.05, Wilcoxon).

For any case in the control group, the blood flow in the right fingers decreased sig-
nificantly at the time of force exposure and persisted for the rest of the exposure period (p
< 0.05, Wilcoxon). When compared with the resting level, a grip force of 10 N and a feed
force of 10 N (condition C11) provoked a certain degree of reduction in FBF in the right
fingers (a drop of 40.28%), while condition C55 (50 N grip force + 50 N feed force) was
associated with a greater decrease in FBF (a drop of 56.28%, Table 2) (p = 0.001, Wilcoxon).
Moreover, exposure to condition C51 (grip force of 50 N combined with 10 N feed force)
during period 2 affected FBF to a larger extent than condition C15 (grip force of 10 N, feed
force of 50 N) (p = 0.006, Wilcoxon). A similar reduction in FBF can be observed between
condition C11 and C15 (both with 10 N grip force), as well as between C55 and C51 (both
with 50 N grip force) (p = 0.864-0.909, Wilcoxon). After the cessation of force exertion, FBF
in the right fingers recovered fast and fluctuated within the normal range (p = 0.012, Wil-
coxon).

The change in FBF in the left (unexposed) fingers during period 2 (Figure 2) was
marginally not significant when compared to that in the right fingers. As shown in Figure
3, there was no significant difference in the percentage change of FBF between two fingers
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of the right hand or two fingers of the left hand (right hand, p = 0.424; left hand, p = 0.414;
Wilcoxon).

Slightly different results were found regarding the change of the FST, as can be seen
in Figure 4. Relative to FST without force during period 1, exposure of the right fingers to
hand force resulted in a significant reduction in the FST of the exposed fingers under con-
dition C55 and C51 (both with 50 N grip force) (p = 0.005-0.019, Wilcoxon), whereas there
were no significant changes in right fingers’ FST when exposed to condition C11 and C15
(both with 10 N grip force) (p = 0.114-0.182, Wilcoxon). For the unexposed contralateral
fingers, none of the conditions induced a pronounced fall in FST (p = 0.060-0.722, Wil-
coxon; Figure 4 and Table 2). It should be noted that the change in FST was slower. A
gradual reduction in FST was observed in the right fingers from the beginning of period
2 (Figure 2) and the downward trend continued even after the exposure. In this experi-
ment, the minimum temperature was reached at approximately the first minute during
period 3 of each case. According to the Wilcoxon test, exposure to condition C55 during
period 2 provoked a greater reduction in FST at the first minute during recovery com-
pared to condition C11 (p = 0.003), while the differences were not significant between any
other pairs with only one of the forces changed (p = 0.125-0.969, Wilcoxon).

Table 2. Alterations in finger blood flow and finger skin temperature. Percentage change in FBF and
EST (% of pre-exposure) for left and right fingers over eight exposure conditions. The alterations in
FBF were calculated as the differences between the mean value of the median FBF in two fingers of
each hand at exposure period 2 and the resting level of FBF during pre-exposure; the alterations in
FST were calculated as the differences between the median FST at the first minute during recovery
and the resting level of FST during pre-exposure. Values given in parentheses are the range of quar-
tiles (namely, Q1-Q3).

(a) Alterations in finger blood flow (% of pre-exposure).

C11 Vil C55 V55
Left (unexposed) 99.94% 95.93% 90.62% 88.61%
finger (88.47-104.91%) (89.61-102.76%) (86.65-99.30%) (74.32-103.90%)
Right (exposed) 59.72% ** 47.16% ** 43.72% ** 41.11% **
finger (4742-72.95%)  (32.06-61.41%)  (26.46-51.83%)  (30.90-46.19%)
C15 V15 C51 V51
Left (unexposed) 100.93% 92.62% 97.86% 83.26%
finger (93.09-112.05%)  (83.92-109.33%)  (77.49-106.45%)  (77.70-99.16%)
Right (exposed) 51.96% ** 45.16% ** 39.61% ** 40.38% **
finger (4348-7524%)  (37.54-55.55%)  (34.87-48.80%)  (25.87-61.40%)
(b) Alterations in finger skin temperature (% of pre-exposure).
C11 Vi1 C55 V55
Left (unexposed) 100.64% 100.22% 99.24% 98.36%
finger (100.22-101.17%)  (99.61-101.84%) (97.43-100.74%) (97.92-99.05%)
Right (exposed) 98.05% 96.57% 95.95% * 96.20% *
finger (96.07-99.37%)  (93.95-98.03%)  (94.45-96.07%) (95.15-97.19%)
C15 V15 C51 V51
Left (unexposed) 100.77% 99.74% 100.48% 99.66%
finger (100.40-101.69%) (98.01-99.94%) (99.40-101.36%) (98.34-99.95%)
Right (exposed) 97.56% ** 96.54% ** 96.24% ** 96.00% **
finger (97.02-98.46%)  (95.89-97.98%)  (95.48-97.49%) (95.33-96.42%)

*p <0.05; ** p <0.005.

3.3. Combined Effects of Hand Force and Vibration on Finger Circulation

Consistent with the findings obtained for the sole force exposure, hand force com-
bined with 125 Hz vibration resulted in reduced FBF and FST in all exposed fingers, com-
pared to the resting period with no force and no vibration (p = 0.001-0.012, Wilcoxon).

A fall-off response in FBF in the right (exposed) fingers was observed in all the cases
exposed to vibration. However, the changes of %FBF relative to baseline measures in
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exposed fingers were similar to each other within the vibration group, as shown in Figure
3 (p = 0.072-0.530, Wilcoxon). Instead, on the basis of the existing force, the overlay influ-
ence of vibration on FBF in exposed fingers was not highly significant (p = 0.052-0.689,
Wilcoxon). The median blood flow change of the vibration group could even be slightly
smaller than that of the control group when increasing the grip force to 50 N (Figure 3a).

For left (unexposed) fingers, the vascular results showed that the FBF remained con-
sistent over time with the exception of a slight decrease in condition V51 during exposure
(p = 0.016, Wilcoxon). In addition, the vibration group did not induce more %FBF reduc-
tion compared to the control group in the left hand during period 2 (Figure 2; p = 0.424—
0.587, Wilcoxon).

Although less pronounced than the %FBF reductions in the right fingers, some sig-
nificant circulatory effects of HAV were observed in the FST during period 2. It was noted
that the FST in fingers exposed to vibration was significantly less than FST baseline meas-
ure across all the force conditions (p = 0.002-0.003, Wilcoxon). The decrease in %FST rela-
tive to force exertion alone was significant in condition V11 and V51 in exposed fingers
during HAV exposure (p = 0.008-0.031, Wilcoxon). Within the vibration group, the Wil-
coxon test revealed that exposure to condition V55 caused a greater decrease in %FST in
exposed fingers than either condition V11 or V15 (both with 10 N grip force) (p = 0.012-
0.050, Wilcoxon).

Compared to solely hand force exposure, unexposed fingers did not show greater
reductions in median FST as a result of vibration exposure.

Figure 5 shows the transmitted accelerations to the forearm during HAV exposure
with bent-arm posture. Compared to the excited vibration, which was 22 m/s? r.m.s. meas-
ured at the handle, most of the energy was dissipated or absorbed in the process of trans-
mission. The median magnitudes of the remaining vibration ranged between 0.33 and 0.88
m/s? r.m.s. at the wrist, and between 0.14 and 0.30 m/s? r.m.s. at the elbow. It can still be
observed that accelerations at the wrist were substantially greater than (about double)
those at the elbow, with more evident variations. The total hand-handle forces showed a
good linear fit to the transmitted vibration (p <0.001, Spearman). However, no significant
correspondence was obtained between either the decrease in %FBF or %FST and the vi-
bration accelerations measured in both locations (p = 0.063-0.101, Spearman).

[ | wrist_median (Q1-Q3)
[] elbow_median (Q1-Q3)

1.0+
&
T
é 0.8} 1
S 06
g | | T
S ol |
I e [1] |1
2 02y | _ T —
0.0

V11 V55 V15 V51

Figure 5. The median values of vibration accelerations (m/s? r.m.s.) measured at subjects’ right
wrists and elbows in zr-axis across four conditions with vibration applied. The upper and lower
caps refer to the third quartile (Q3) and the first quartile (Q1) in each condition, respectively.
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4. Discussion

The relationships between the FST and force-and-vibration exposure were slightly
different from those found for the FBF. Both measurement values were manifestations of
circulatory effects and could serve as complements and references.

4.1. Vascular Response to Hand Force

Hand forces resulted in a loss of finger circulation in the exposed hand; either the
force was exerted alone or combined with vibration.

As can be seen within the control group, levels of finger vasoconstriction in exposed
fingers were highly dependent on the hand force, which is in contradiction with previous
studies in which the hand force showed little effect on blood circulation [10,11]. However,
the forces applied before were not identical to those used here and the amount of magni-
tude was negligible. The finding is consistent with earlier studies in which a gripping po-
sition was adopted, suggesting that the actual forces acting on the tool handle have an
independent impact on the vasculature [17-20]. Given the insignificant response of unex-
posed fingers, such a unilateral reduction likely resulted from the constriction of local
digital vessels by the operating force.

In previous research, the definition of the total hand-handle force could be consid-
ered in different ways. The coupling force, defined in ISO/WD-15230, was expressed as
the sum of the grip and feed forces:

Fcoupling = lgrip + Ffeed (1)

where the coefficients before the grip and feed forces both amounted to 1, suggesting there
was no difference between the acute effects of grip force and feed force [21]. In contrast,
the average contact force was characterized as a function of grip force, feed force, and
handle size, in which the contribution of grip force was greater than that of the feed force
[22]. The contact force can be written as

Feontact = a + ﬁFgrip + nyeed (2)

where a refers to the contact force offset due to the handle sensor, and g and y were con-
stant coefficients, depending on the diameter of the handle [23]. Moreover, the relevant
biodynamics research found that the grip force mainly affected the dynamic response of
the forearm and the feed force acted on the entire hand-arm system [24].

In this work, the effect was more emphasized on the vascular system. The result of
the control group showed that when the grip force was the same as the feed force, a larger
coupling force would lead to a greater influence on the finger circulation, while the equal
importance of grip and feed force could be denied when it came to conditions where grip
and feed force were different. More reduction in FBF was found with greater grip force
though the coupling forces were the same, indicating a stronger dependence of vasocon-
striction on the grip force. The reason for the stronger influence by the grip force could be
the greater contact region between the handle and the fingers. Better skin-handle interac-
tion with increased pressure would thus compress the digital vessels adequately to cause
impairment in circulation. Another possible explanation is that the grip force mainly de-
pends on the muscles of the fingers and palm, but the muscle group involved in feed force
may come from the upper arm, which might yield different effects on finger circulation.

With the HAV applied, it was noted that the effect of hand force on the response to
vibration was mainly reflected by the dynamic transmission. The vibration energy trans-
mitted from finger to wrist and elbow in the forearm was linearly related to the coupling
force, partly due to the change in tissue stiffness. Many of the previous HAV models con-
sidered energy transmission as a useful and integral part of defining actual harm to the
human body [25], while no correspondence between vascular response and transmitted
vibration accelerations was found in this study. More laboratory investigations are needed
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to see whether the energy absorbed can predict the difference in the vascular result and
predict the actual effect of hand-arm vibration.

4.2. Vascular Response to Vibration

As mentioned before, the vibration-induced reduction in FBF was restricted to the
fingers receiving the HAV, which was not in agreement with the findings in other studies
that the vasoconstriction was observed in both exposed and unexposed fingers [8,26,27],
probably because the force effects had some local limits and the intensity of the excited
vibration here was relatively low.

After removing the contribution of force, the additional vascular effect of vibration
on FBF was not significant. One possible underlying mechanism connected to this phe-
nomenon is that the soft tissue in the human finger had already been compressed and
deformed with the application of force loading, and this could have been related to a loss
of blood permeability [31]. Extra vibration may cause little further volume change, espe-
cially in the case of high gripping forces. At the same time, other systems that contribute
to the digital circulation could also be affected during high tissue compression. For exam-
ple, the sympathetic traffic to and from the fingers can be limited, leading to a reduction
in vasoconstriction. The drop in FBF in the right fingers during period 2 (Figure 2) with
HAYV was similar across all the conditions. It cannot be ruled out that vibration may have
a certain masking effect on the hand force. In addition, the measure of FBF might be partly
influenced by artefacts such as air cuff and strain gauge, which were not in good contact
with the test fingers when fingers were constricted and exposed to the vibration.

Although the measure of FST was not as susceptible as FBF to the change of force, it
can provide extra evidence of the vibration effect present on exposed fingers, as well as
the different influences of grip and feed force. Across control conditions with smaller grip
force, no difference was found between the %FST measured during period 2 (Figure 2)
and period 1, but the exposure resulted in clear reductions in FST when the vibration was
applied. Furthermore, in the absence of HAYV, significant differences in %FST reduction
caused by forces only occurred between conditions with both forces being large and both
forces being small. However, in the case of vibration, this difference extended to two large-
feed-force conditions with different grip forces, indicating that the vibration may amplify
the effect of the change of grip force.

In this study, there was only one single-frequency HAV with one magnitude that was
not able to give a broad conclusion on the HAV effects on exposed fingers. Although pre-
vious studies came to the conclusion that higher frequency and greater magnitude of the
excited HAV were associated with greater reductions in FBF [26,28], the impact of hand
force should always be involved with respect to the effects of HAV. On the one hand, the
international standards for the assessment of the exposure amount shall consider not only
the vibration intensity characteristics of the vibrator, but also the possible weight factor of
the amount of force applied by the worker. On the other hand, in the design of vibration
workpieces, the requirement for high gripping forces during their use should be reduced
as much as possible.

5. Conclusions

The combination of grip and feed force had a negative correlation with circulatory
disturbances. Force applied alone at the exposed hand would significantly alter the FBF
with a reduction of up to 60% and FST, and greater force was associated with more loss
of finger circulation, while the additional reductions in FBF and FST caused by vibration
were not significant. Based on these findings, the circulatory responses seem to be domi-
nantly regulated by the hand force exposure, indicating that the hand force should be
taken into account in the assessment of exposure amount. In addition, the vascular re-
sponses seem to be more sensitive to the grip exertions than feed exertions. Indentation
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measures should be taken to minimise the grip force exerted on power tools as much as
possible.
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