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ABSTRACT Antineoplastic medication compounding is conducted in most large hospitals and involves the
repetitive task of extracting a specific quantity of medication from vials using syringes and transferring it
into intravenous infusion bags. When a large syringe is used during medication compounding, manipulating
the syringe plunger requires considerable force because of the negative pressure inside the vial as well as the
viscosity of the drug solution. This repetitive and intense plunger manipulation can lead to musculoskeletal
disorders of the arms, shoulders, and other areas. Implementing motorized syringe manipulation and
automating the drug compounding process are beneficial approaches for enhancing pharmacist convenience
andwork efficiency. This study introduces the development of an automated assistance system formedication
compounding designed to manipulate syringes and medication containers accurately and reliably. The
developed equipment ensures compatibility with various syringes, vials, and intravenous (IV) infusion bags
without the need for consumables. It is designed for the diversified, small-quantity production of personalized
drugs, featuring a compact, affordable structure that can be easily accommodated within existing drug
compounding facilities. The performance of the developed equipment is validated through simulations and
experiments. The results prove the developed equipment has high dispensing accuracy (error range:±0.09%)
and high repeatability (standard deviation: 21 mg).

INDEX TERMS Automated medical device, cavitation simulation, medication compounding, syringe
gripping mechanism, syringe manipulation.

I. INTRODUCTION
Medication compounding refers to the process of blending
two or more drugs according to a prescription or dispensing a
single drug into specified quantities [1]. This process is aimed
at preparing customized medication treatments for individual
patients. The demand for personalized drug treatments,
especially chemotherapy, is growing, emphasizing the critical
need for precise and timely medication production [2].
Drug compounding typically involves several steps, begin-

ning with the reconstitution of the drug solution by injecting a
solvent into a vial containing the dried medicinal ingredient.
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Subsequently, a specific quantity of the prepared drug
solution is extracted using a disposable syringe and injected
into an intravenous (IV) infusion bag. In large hospitals,
each pharmacist manually compounds medications for many
patients, often having to repeat these tasks dozens of times or
more per day.

Although extracting medication with a syringe may seem
straightforward, considerable force is often required because
of the negative pressure inside the vial, especially in the
absence of proper air ventilation. Drug extraction becomes
even more challenging when dealing with highly viscous
medications, such as antineoplastic drugs, or when using
a large syringe, resulting in high resistance while pushing
or pulling the plunger [3]. Repetitive syringe manipulation
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FIGURE 1. Commercial products to assist syringe manipulation for
medication compounding. (a) Syringe drive/pump [5]. (b) Automated
dispensing machine [6]. (c) Robotic compounding system [7].

leads pharmacists to experience strain on their wrists, which
can result in musculoskeletal disorders of the arms and
shoulders [4].

The posture of handling a syringe is also a factor that
strains the user’s wrist. Pharmacists adopt a specific posture
to prevent air from entering the syringe: they hold the syringe
vertically upward, ensuring that the needle tip remains fully
immersed in the drug solution, and then slowly pull the
plunger to draw the medication from a vial. This procedure
requires them to hold the vial and syringe barrel with
one hand while controlling the syringe plunger with the
other. Maneuvering a syringe with only one hand is highly
inconvenient, especially when using a large syringe, as it can
apply pressure to the user’s wrist.

Automating syringe manipulation, the most critical and
demanding task in the compounding process, can improve
the convenience of pharmacists and relieve their heavy
workload and physical fatigue. Employing properly auto-
mated equipment can not only increase work efficiency
but also ensure consistent medication compounding quality
(including dosage accuracy and precision), regardless of the
pharmacists’ skill level. Additionally, it can decrease the
exposure to hazardous drugs, such as anticancer medications,
and lower the risk of accidents, such as needle sticks.

Commercial equipment for syringe manipulation and
medication compounding are classified into three types,
as shown in Fig. 1. The first type is the syringe drive/pump
(Fig. 1(a)), a straightforward device equipped with a linear
actuator designed only to push and pull a syringe plunger [5],
[8], [9], [10], [11], [12]. This device is commonly used
for infusing drugs at a constant flow rate over a user-set
period using a prefilled syringe and is not suitable for drug
compounding purposes.

An automated dispensing machine (ADM, Fig. 1(b))
is more appropriate for compounding than a syringe
drive/pump [6], [13]. This medium-sized benchtop machine
is designed for use within a biological safety cabinet (BSC)
for sterile drug preparation. To use the ADM, a vial and an
IV bag must first be connected to a syringe with consumables
such as tubes and check valves. Once all parts are connected,
the ADM transfers the medication in the user-set quantity
from the vial to the IV bag using the syringe. A typical ADM
is equipped with one or more drug-delivery channels, each

designated for a specific syringe size. If a syringe that is not
matched for the channel is used, it cannot be installed, or the
channel actuator will need to be recalibrated for the syringe.

ADM may be useful for repetitive tasks involving dis-
pensing a single drug into many IV bags; however, it is
not suitable for mixing multiple drugs for personalized
medication preparation, which is a near-universal constant in
healthcare facilities. This is because of the frequent need for
consumable changes, which not only decreases the efficiency
of compounding work but also leads to significant wastage
owing to residual medicine in consumables, such as tubes and
connectors.

The last type is a robotic compounding system (RCS,
Fig. 1(c)), in which the robot automatically conducts the
entire process of conventional manual drug compounding [7],
[14], [15], [16], [17], [18]. The RCS comprises one or
two robotic arms and several auxiliary devices, integrated
into a large cabinet, thus requiring a large installation
space. Owing to its advanced automation, RCS offers
accuracy and convenience; however, it also has complexities
and substantial costs. Furthermore, its operational speed
is comparatively slower than that of manual compounding
methods. Large hospitals that handle a high volume of
medication compounding often find it challenging to depend
solely on RCS, mostly requiring parallel use of manual
methods.

To overcome the limitations of both commercial ADM and
RCS, this study introduces novel equipment for medication
compounding, incorporating the following features:

• Syringe manipulation and dispensing of the drug
solution from the vial to the IV bag are automatically
performed.

• It is equipped with a suitable gripping and driving
mechanism to enhance the accuracy and stability of the
syringe manipulation.

• Various syringes, vials, and IV bags are compatible,
allowing flexible application in different medication-
compounding cases.

• Operating costs are reduced by eliminating the need for
consumables to connect the syringe and drug containers,
and no drugs remain in the connecting parts. This feature
is crucial for the diversified, small-quantity production
of personalized drugs.

• It includes a function to reduce the occurrence of
cavitation when extracting the drug solution using a
syringe.

• With its compact size and affordability, it can be
easily accommodated within existing drug compound-
ing facilities and a typical BSC workbench. Thus,
each pharmacist can conveniently access it whenever
required.

The remainder of this paper is organized as follows.
In Section II-A, the detailed design requirements are
reviewed, and in Section II-B, notable features of the
mechanical system of the proposed equipment are introduced.
In Section II-C, the performance of the designed mechanical
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system is examined using kinematic and static analyses.
In Section II-D, the structure and function of the control
system are outlined. Section II-E focuses on the syringe
plunger control method to prevent cavitation within a
syringe. Finally, the performance of the developed prototype
is verified through experiments, as described in detail in
Section III.

II. MATERIALS AND METHODS
A. REQUIREMENTS FOR DESIGN
We visited the medication compounding facility at the Seoul
National University Hospital to investigate the compounding
work process and environment. Furthermore, through several
meetings with pharmacists responsible for preparing anti-
cancer injections, we identified detailed design requirements
as follows:

• Size of equipment: For sterile preparations of hazardous
drugs, such as anticancer drugs, a BSC is used to prevent
drug contamination and spread. The BSC workbench
is equipped with various auxiliary devices for drug
preparation (e.g., multiple syringes, vials, IV bags,
and a repeater pump for solvent injection for drug
dissolution); therefore, there is not much available
space. For this reason, the overall size of the equipment
must be sufficiently small to be placed on a typical BSC
workbench: the more compact it is, the more useful it is.
Fig. 2 shows an example of the BSC: Esco Lifesciences
group’s Class 2 Type A2, with a workbench width
ranging from 970 to 2440 mm, a depth of 623 mm, and
a height of 690 mm [19].

• Size of disposable syringes: Multiple syringe sizes,
typically up to 50 mL, are used for drug compounding.
Syringes under 20 mL have a small plunger driving
force, making them easy to manipulate, whereas those
over 20 mL have tough plunger driving resistance,
making them difficult to manipulate. Therefore, devel-
oping a syringe manipulation device capable of handling
20–50 mL syringes could greatly enhance the conve-
nience of pharmacists.

• Type and geometry of vials: Vial openings have various
shapes, but the most commonly used type is the standard
form capped with a rubber stopper and an aluminum
cap. The volume of vials used for drug compounding is
generally within the range of 5–50 mL. The dimensions
of the vial vary depending on its capacity, but the dimen-
sions of the opening and bottleneck are standardized
(ISO 8362-1:2018). Therefore, when developing a vial
gripper, it is necessary to consider the geometric features
of standard vials of various capacities.

• Type and geometry of intravenous infusion bags:
Intravenous infusion bags (IV bags) typically have two
ports: one is a patient access spike port, and the other
is an injection port for adding medication. The injection
ports are generally shaped like cylinders, whereas some
ports have a polyhedral shape (Fig. 3). Therefore, it is

FIGURE 2. Example of a biological safety cabinet (BSC) [19].

FIGURE 3. Various port shapes of intravenous (IV) bags.

FIGURE 4. Structure of the designed equipment.

necessary to develop a compatible gripper for IV bags
of various port shapes.

• Syringe gripping mechanism: In the case of the syringe
drive/pump or ADMmentioned in the introduction, their
syringe holders (or fixtures) typically feature slots for
inserting the syringe barrel flange or plunger flange.
Although installing the syringe into the slot is simple
and easy, some syringes may fit tightly, whereas others
may fit loosely, depending on their flange thickness
deviation. The dimensional gap between the syringe
flange thickness and slot width is highly related to
plunger control accuracy and drug dose errors during
extraction and injection. Thus, there is a need to develop
an advanced syringe gripping mechanism.

B. MECHANICAL SYSTEM DESIGN
Fig. 4 shows the machine structure [20]. The equipment
has a syringe gripping mechanism that can stably and
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FIGURE 5. Structure of the syringe gripping mechanism. (a) Barrel.
(b) Barrel flange. (c) Plunger flange.

automatically hold 20–50 mL syringes while consistently
aligning their center axis. In addition, the driving unit
pushes or pulls the plunger linearly. The syringe is installed
vertically, facing upward in the equipment. On the upper
side of the syringe are manual gripping parts that allow easy
installation of a vial and IV bag. The entire frame containing
the vial gripper and the IV bag gripper is connected to a
driving unit, enabling the upper frame to be translated up and
down, and left and right.

The size of the equipment body alone, excluding the upper
frame, is 184 mm wide, 125.5 mm deep, and 274 mm high,
and is designed to be small enough to be placed and used
in a general BSC. The equipment has a built-in rechargeable
battery; therefore, it can operate without an external power
supply. Its touch display allows users to intuitively monitor
and control its operations.

1) AUTOMATIC SYRINGE GRIPPING MECHANISM
As shown in Fig. 5, the syringe gripping mechanism consists
of a barrel centering gripper, barrel flange gripper, and
plunger flange gripper [20]. Each actuation system for the
three grippers was designed to be compact, using small,
high output actuator modules of industrial specifications
(MD89MW, HITEC).

The barrel-centering gripper (Fig. 5(a)) accurately aligns
the central axis of the mounted syringe at a constant position,
regardless of the diameter of the syringe barrel. The barrel
gripper has inclined surfaces for centering and is moved using
a crank-slider mechanism [21].

A large resistance force is exerted on the syringe when
driving the plunger or when inserting the needle into the
rubber stopper of the medicine container, which may cause
the syringe barrel to slip on the gripper. A barrel flange
gripper (Fig. 5(b)) was installed to solve this problem. The
barrel flange gripper was designed based on a six-bar, crank-
slider mechanism [22], allowing it to clamp the flange
strongly.

The plunger flange gripper (Fig. 5(c)) was designed using
the same mechanism as the barrel flange gripper.

2) MANUAL GRIPPING MECHANISMS FOR MEDICATION
CONTAINERS
Manual gripping parts were developed to hold a vial and
an IV bag firmly in a consistent position (Fig. 6 [20]).

FIGURE 6. Structure of gripping mechanisms for medication containers.
(a) Vial. (b) IV bag.

FIGURE 7. Driving mechanisms. (a) Syringe plunger drive. (b) Medication
container transfer.

A toggle mechanism consisting of a linkage and preload
spring was applied to each manual gripping part. Because of
the toggle mechanism, users can easily open and close them
with minimal effort.

The vial gripper features a circumferential surface
designed to grip the bottle neck (Fig. 6(a)). There are two
types of IV bag grippers (Types A and B in Fig. 6(b)), which
are compatible with the various port shapes of IV bags.
One is designed for small-diameter, cylinder-shaped ports,
while the other is designed for large-diameter, polyhedron-
shaped ports. Each IV bag gripper is opened and closed
simultaneously, using a single mechanism.

3) DRIVING MECHANISMS FOR PLUNGER MANIPULATION
AND TRANSLATION OF THE UPPER FRAME
The mechanism for pushing or pulling the syringe plunger
(a type of linear actuator) includes a precision ball screw and
timing belt pulleys (Fig. 7(a)). Its full stroke is 96 mm and
covers the entire range of motion of the plunger in a 50 mL
syringe (approximately 90 mm). A brushed DC motor with
an output of 28 W (2642-024-CR, Faulhaber) was used in
the linear actuator. At the rated speed of the selected motor
(4370 r/min), the linear actuator can move the plunger at a
speed of 40.5 mm/s. Additionally, under the condition of the
selected motor’s rated torque (0.032 N·m) and assuming 90%
efficiency (the power transmission efficiency of the timing
belt and ball screw), the linear actuator can drive the plunger
with a force of 326 N.

When extracting water from a 50 mL vial filled with
water using a 50 mL standard disposable syringe (barrel
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FIGURE 8. Kinematic diagram of the gripping mechanism of a syringe.
(a) Barrel flange. (b) Plunger flange.

internal diameter: 26.4 mm) with an 18 G needle at an
average plunger speed of 4 mm/s (a general condition in
manual compounding work), the force required to pull the
plunger is approximately 50 N (this force was measured in a
preliminary experiment; refer to the Appendix). Even though
the plunger force may increase when dealing with drugs of
higher viscosity, the driving mechanism has enough margin
in both driving force and speed. This enoughmargin enhances
equipment durability and long-term operation stability.

The driving mechanism for the upper frame, where a vial
and IV bag are installed, is a type of 2-axis orthogonal transfer
mechanism (Fig. 7(b)). This mechanism was designed based
on an H-frame-type positioning system [23], [24]. Despite
its compact size, it offers a substantial working range, with
an X-axis stroke of 93 mm and a Y-axis stroke of 95 mm.
This mechanism enables precise control over the relative
positioning of the syringe and either the vial or IV bag,
ensuring smooth insertion or removal of the syringe needle
from the rubber stopper of the vial or IV bag. Furthermore,
it effectively transports the drug solution from a vial to an IV
bag using a syringe.

C. ANALYSIS OF KINEMATICS AND STATICS
1) SYRINGE GRIPPING MECHANISM
The following assumptions were made for kinematic and
static analyses of the barrel/plunger flange grippers:

• All links are rigid elements that do not deform.
• The mass and volume of all links are ignored.

FIGURE 9. Force-distance curve of the gripping mechanism for a syringe.
(a) Barrel flange. (b) Plunger flange.

• All rotary joints are ideal pinned supports, and friction
is ignored.

• The slider, which serves as the end effector, is an ideal
roller support, and the friction is ignored.

• The system is in a quasi-static state, and all inertial
forces are ignored.

• The driving torque applied to the crank is constant.

Figs. 8(a) and 8(b) show the structure and kinematic
parameters of the gripper mechanisms of the barrel and
plunger flanges, respectively. Point O is the center of the
crank hinge and origin of the reference coordinate system.
Point E is the center of the slider (end effector) and point of
application of the gripping force. The slider moves vertically
along the Y-axis, as shown in Fig. 8. Here, Li denotes the
length of the i-th link and θi represents the angle of the link
with respect to the X-axis. α is the constant angle between the
4th link (L4) and the 6th link (L6).M is the crank driving torque
at origin O; Fend is the gripping force applied at point E.

According to the kinematics of the four-bar linkage formed
by the 2nd, 3rd, and 4th links, the angle of the 3rd link and
the angle of the 4th link can be determined for a given crank
angle [21]. The X-axis position of pointE is a fixed value, and
the Y-axis position of point E can be calculated based on the
kinematics of the 5th and 6th links (1). The gripper distance
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can be calculated directly from the Y-axis position of point E.

Ey = L1 sin θ1 + L6 sin(α + θ4) −

√
(L5)2 − (B1)2 (1)

where B1 = Ex − [L1 cos θ1 + L6 cos(α + θ4)].
With the syringe clamped in the gripper, the gripping

force (Fend ) is determined based on the force and moment
equilibrium equations of all links and slider elements:

Fend =
L4(tan θ3 cos θ4 + sin θ4)

L6 [cos(α + θ4) + sin(α + θ4) cot θ5]
B2 (2)

where

B2 =
M

L2(tan θ3 cos θ2 + sin θ2)
.

Fig. 9 shows how the gripping force applied to the
barrel/plunger flange changes depending on the gripper
distance. The gripping force was calculated under the
condition of half of the motor’s stall torque (3.2 kgf·cm).
The average thickness of the barrel flange and plunger flange
of the 20–50 mL syringes was 2.28 mm and 1.81 mm,
respectively, and the dimensional deviation was ±0.14 mm.
The areas bounded by the dotted lines in Figs. 9(a) and 9(b)
represent the thickness ranges. Based on the static analysis,
the barrel flange gripper can apply a gripping force of at
least 2400 N (Fig. 9(a)), whereas the plunger flange gripper
can exert a gripping force of at least 1000 N (Fig. 9(b)).
Using the proposed gripper mechanism, the syringe flange

can be securely fixed, even with thickness deviations.
When the flange is clamped by the gripper, the linkage
mechanism approaches its kinematic singular position, and
the transmission ratio between the motor’s driving torque
and gripping force increases exponentially. Consequently,
a sufficiently strong gripping force can be generated without
increasing the motor torque output.

2) MANUAL GRIPPING MECHANISMS FOR MEDICATION
CONTAINERS
Figs. 10(a) and 10(b) show the structure and kinematic
parameters of the gripping mechanisms for a vial gripper and
IV bag gripper, respectively. Here, Li denotes the length of the
i-th link and θi represents the angle of the link with respect to
the X-axis. β is the constant angle between the 1st link (L1)
and the 2nd link (L2). Fin is the driving force applied to the
lever end perpendicular to the 1st link.

Point C is the center of the pin connection between the
lever and slider, as well as where the restoring force (fc) from
the preload spring is applied. The slider moves horizontally
along the X-axis, as shown in Fig. 10. Immediately before the
drug container (vial or IV bag) contacts the gripper, point C
maintains its mechanical limit position owing to the restoring
force. Unless an external force is applied that surpasses the
spring force, point C remains stationary. In this case, the
position of a gripper end (point E) for a given lever angle
can be calculated using the kinematics of the four-bar linkage
comprising the 2nd, 3rd, and 4th links.

FIGURE 10. Kinematic diagram of the gripping mechanism for medication
containers. (a) Vial. (b) IV bag.

X-axis position of point E with respect to point C in case
of vial gripper:

Ex,vial = L2 cos θ2 + L3 cos θ3 + (L7 − L4) cos θ4 (3)

X-axis position of point E with respect to point C for IV
bag gripper:

Ex,bag = L2 cos θ2 + L3 cos θ3 (4)

After the drug container (vial or IV bag) is gripped, the end
of the gripper (point E) becomes stationary. Subsequently,
the position of the 4th link remains fixed, whereas point C
translates according to the lever angle changes. Consequently,
the preload spring connected to point C becomes more
compressed. The position of point C for a given lever angle
can be determined based on the kinematics of the crank-slider
mechanism, involving the 2nd and 3rd links.
Compression distance of the preload spring in the case of

the vial gripper:

lc,vial = Ex,vial − (L7 − L4) cos θ4

− (L2 cos θ2 + L3 cos θ3) + linit,vial (5)

Compression distance of the preload spring in the case of
the IV bag gripper:

lc,bag = Ex,bag − (L2 cos θ2 + L3 cos θ3) + linit,bag (6)

The proposed gripper mechanism has an auxiliary spring
that facilitates the easy opening of the gripper (torsion spring
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FIGURE 11. Force curve of the gripping mechanism for medication
containers. The dotted vertical line perpendicular to the X-axis indicates
when the restoring force of the preload spring (fc ) reaches its maximum.
(a) Vial. (b) IV bag.

for the vial gripper and tension spring for the IV bag gripper),
and the direction of the auxiliary spring force is assumed to
be perpendicular to the 4th link (ftor in Fig. 10(a) and ften in
Fig. 10(b)).

If the gripper mechanism remains in a quasi-static state,
the force and moment equilibrium equations for all links can
be derived for a given lever angle. From these equations, the
major forces can be determined as follows:

The lever driving force in the case of both grippers:

Fin =
L2(tan θ3 cos θ2 − sin θ2)

L1 + L2 sin θ1(tan θ3 cos θ2 − sin θ2)
fc (7)

The gripping force in the case of the vial gripper:

Fend,vial =
L6ftor − B3L4(tan θ3 cos θ4 + sin θ4)

L7
(8)

where B3 = fc,vial + Fin,vial sin θ1.
The gripping force in the case of the IV bag gripper:

Fend,bag = fc,bag + Fin,bag sin θ1 − ften (9)

Fig. 11(a) illustrates the three major forces calculated
for the vial gripper, which clamps a vial with a bottleneck
diameter of 16.4 mm. Fig. 11(b) shows the forces calculated
for the IV bag gripper, which clamps an IV bag with an
injection port width of 8.7 mm.

FIGURE 12. Components and structure of the control system.

Upon contact with the medicine container (vial or IV bag),
the continuous rotation of the lever in the closing direction
leads to the further compression of the preload spring. This
results in an increased restoring force and stronger gripping
force exerted on the drug container. After the magnitude of
the preload spring force exceeds its maximum value, the
lever reaches a mechanical limit position. The preload spring
force ensures that the lever remains at its mechanical limit
position, preventing it from returning to its starting position.
Consequently, the gripper can remain closed and securely
hold the medication container in place. The magnitude of
the gripping force applied to the drug container corresponds
to the FB shown in Figs. 11(a) and 11(b) (vial gripper:
approximately 136 N; IV bag gripper: approximately 156 N).

To separate the medicine container from the gripper,
an additional force must be applied to the preload spring,
and the magnitude of the additional force (FA shown in
Figs. 11(a) and 11(b)) is significantly lower than that of the
gripping force FB (vial gripper: approximately 15 N; IV bag
gripper: approximately 18 N). Moreover, the gripper can be
easily opened using a lever, which requires less force than FA
because of the principle of leverage.

D. DESIGNING THE CONTROL SYSTEM
Fig. 12 shows the components and structure of the control
system. The main controller processes the syringe gripping
mechanism, plunger drive actuator, and user interfaces,
such as a touch display. The subcontroller, under the main
controller’s direction, controls the transporting mechanism
for the upper frame, which holds the medicine containers
(a vial and an IV bag). The main controller identifies the
size of the syringe installed, calculates the plunger moving
distance for a predetermined medication dose, and then
drives the plunger to extract the drug solution. At the
beginning of the extraction process, the main controller pulls
and pushes the plunger a small distance to eliminate any air
trapped in the syringe barrel and needle, thereby reducing
errors in the quantity of drug extraction. Considering that the
plunger speed affects the air bubble generation within the
syringe, the hydrodynamic phenomenon inside the syringe
was simulated to determine the appropriate plunger speed.
Further details on this matter are provided in Section II-E.
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FIGURE 13. Current sensing circuit for the actuator module.

If an object other than a standard syringe is inserted into
the syringe grippers, or if a syringe is placed excessively off-
centered, an unusual force may be applied to the grippers.
In this case, a large current flows continuously to the gripper
motors, which may cause a motor breakdown. As the actuator
module does not output a current-sensing signal, there is
no way to measure the current flowing through the internal
motor wire [25]. In this study, a precise shunt resistor and
differential amplifier were integrated into the power input
lines of the actuator module, as illustrated in Fig. 13, enabling
the measurement of the current supplied to the actuator
module. Because the actuator module is internally controlled
by a switching drive, its power-side current is not equivalent
to the current flowing through the motor coil most of the
time. However, a continuous large current is usually induced
when the actuator module does not move at an unusual
position. In this case, the power-side current can be used as an
alternative signal for the current flowing through the motor
wire, because the two signals have a positive correlation,
even though the power-side current is smaller than the motor
current. When the power-side current of the actuator module
exceeds a preset upper limit, the main controller adjusts the
motor’s position command to prevent further increase. This
helps the motor to relieve itself from overload, resulting in a
decrease in current.

The other purpose of the proposed current-sensing and
overcurrent-limiting method is to monitor the installed state
of a syringe. If the motor current increases when the motor
position is outside the expected syringe barrel diameter range
(based on the user-entered syringe size via the touch display),
the main controller interprets this situation as either the
syringe is not properly aligned in the gripper or the installed
syringe size differs from what the user has entered. In this
case, the main controller does not proceed to the next step
but displays a warning message to prompt the user to check
the syringe installation status.

E. SPEED PROFILE DESIGN CONSIDERING CAVITATION
OCCURRENCE
The presence of air bubbles in the syringe during medication
extraction can lead to errors in the extracted amount, which is
an important issue to address. During manual compounding,
pharmacists attempt to remove air bubbles by shaking the
syringe or pushing the plunger while holding the needle

FIGURE 14. Fluid flow and pressure drop within a vial, syringe needle,
and syringe barrel during the process of fluid extraction using a syringe.

vertically upward. However, it is challenging to completely
remove small bubbles using these methods. Therefore, it is
important to carefully draw the drug solution from the vial to
minimize the generation of air bubbles.

Air bubbles can be generated inside a syringe through
cavitation [26], [27], [28], [29]. During drug extraction,
negative pressure builds up within the vial; in the absence of
air ventilation, this negative pressure intensifies as the drug
is extracted. When the pressure of the drug solution in the
syringe falls below its vapor pressure, the solution vaporizes
(cavitation). The fluid pressure loss is directly related to the
average fluid velocity. Therefore, if the syringe plunger is
operated slowly, fewer air bubbles are generated inside the
syringe. However, a lower plunger driving speed also reduces
dispensing efficiency.

To optimize the plunger driving speed, the hydrodynamic
phenomenon of syringe operation was modeled and simu-
lated. Using this model, a speed profile for plunger driving
was designed. In the simulation, the fluid inside the vial and
syringe was assumed to be pure water, at room temperature
(25◦C). The geometry and configuration of the vial, needle,
and syringe are shown in Fig. 14. The syringe was aligned
vertically upward, and the vial, needle, and syringe had
perfectly axisymmetric cylindrical shapes with a consistent
diameter along their length. Fluid leakage or air inflow into
the fluid channel (vial-needle-syringe), as well as pressure
due to the mass of the fluid column in the channel, were
ignored. If the air inside the vial behaves as an ideal gas,
according to Boyle’s law, the change in the air pressure inside
the vial can be calculated based on the change in the volume
of the air layer inside the vial, which is equivalent to the
change in the volume of the fluid inside the vial.

P0V0 = P1V1 (10)

P1 = P0
V0
V1

= P0
V0

V0 + 1V
(11)

1P = P0 − P1 = P0
1V

V0 + 1V
(12)

P0 andV0 represent the initial air pressure and fluid volume
in the vial, respectively, and P1 and V1 denote the air pressure
and fluid volume after fluid extraction, respectively. In this
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FIGURE 15. Moody diagram (reproduced from [30]).

study, the initial air pressure inside the vial was set to be equal
to the atmospheric pressure (P0 = Patm).
The change in the fluid volume inside the vial can be

calculated from the flow rate at the needle:

1V = Aneedle⟨vneedle⟩1t (13)

where ⟨vneedle⟩means the average value of the variable vneedle.
According to the continuity equation, the flow rates in the

needle and barrel are equal:

Abarrel⟨vbarrel⟩ = Aneedle⟨vneedle⟩ (14)

The average fluid velocity in the syringe barrel is assumed
to be equal to the driving speed of the plunger:

⟨vbarrel⟩ = vplunger (15)

The pressure loss in a pipe with constant cross-sectional
area is described by the Darcy–Weisbach equation:

Ploss = fD ·
ρL
2

·
⟨v⟩2

D
(16)

where fD is the Darcy friction factor; ρ is the mass density
of the fluid; L and D are the length and diameter of the pipe,
respectively; and ⟨v⟩ denotes the average fluid velocity in the
pipe.

The Darcy friction factor is a function of the Reynolds
number of the fluid and the relative pipe roughness of the
pipe, which can be obtained by referring to the Moody
diagram (Fig. 15 [30]). The Reynolds number is the ratio of
the inertial force to the viscous force of the fluid and is a
dimensionless number related to viscosity and average fluid
velocity:

Re =
⟨v⟩D

ν
(17)

where ν is the kinematic viscosity of the fluid, and the
kinematic viscosity of water at room temperature (25◦C) is
0.8928 mm2/s [31].
When the fluid passes through the needle, the cross-

sectional area is the smallest, and the fluid velocity is the
fastest, making the pressure loss at the needle dominant.

FIGURE 16. Simulation results: Pressure change according to plunger
speed profile. (a) Standard trapezoidal profile. (b) Modified trapezoidal
profile.

FIGURE 17. Simulation results: Pressure change according to target
medication extraction volume.

Therefore, the pressure loss inside the vial and syringe barrel
was ignored. To calculate the pressure loss at the needle,
it is necessary to first determine the friction factor of the
needle. If the Reynolds number is less than 2000, the fluid
flow corresponds to laminar flow, and the friction factor is
determined only by the Reynolds number. However, when the
Reynolds number exceeds 2000, the fluid flow transitions to
turbulent flow, and the trend of the friction factor changes
depending on the relative roughness of the pipe.

In this study, the needle material was assumed to be
structured steel (harsh condition) with an average roughness
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FIGURE 18. Prototype and its working sequence.

FIGURE 19. Compatibility with various vials, IV bags, and syringes.

(ϵ) of approximately 0.025 mm, as indicated in the Moody
diagram. The needle size was specified as 18 G, with an inner
diameter of approximately 0.6 mm. Subsequently, the relative
pipe roughness was calculated as approximately 0.04. For
easy calculations, the friction factor curve in the turbulent
flow region was simplified, as depicted by the red line in
Fig. 15:

fD =


64
Re

, (0 < Re < a1)

−k · Re+ 0.08, (a1 ≤ Re < a2)
0.065, (Re > a2)

(18)

where a1 = 2 × 103, a2 = 104, and k = 1.53 × 10−7.
In the simulation, the change in fluid pressure inside the

syringe barrel was estimated according to (10)-(18) for a
given plunger speed profile at each time step, and then
the estimated value was compared with the water vapor
pressure (Pvapor = 3169 N/m2 at 25◦C) to determine whether
cavitation occurred.

Pbarrel = 1Pvial − Ploss < Pvapor (19)

The simulation conditions were set to extract 30 mL of
water using a 50 mL vial, syringe, and 18 G needle, with the

initial volume of water inside the vial set at 35mL. Figs. 16(a)
and 16(b) compare the standard trapezoidal profile with the
modified profile and resulting pressure change. The average
flow rates in both cases were similar, and the total extraction
time was approximately 26 s.

As shown in Fig. 16(a), cavitation is predicted to occur
after approximately 16 s when the plunger is driven according
to the standard trapezoidal profile. On the other hand,
as shown in Fig. 16(b), when the plunger is driven according
to the modified profile, the fluid pressure inside the syringe
barrel did not decrease below the vapor pressure. This
indicates that cavitation did not occur.

The target quantity for fluid extraction can be adjusted
by tuning the duration of the middle section of the
modified profile or by scaling the maximum speed. However,
cavitation did not occur regardless of the extraction volume,
as shown in Fig. 17.

III. RESULTS
A. PROTOTYPE AND CALIBRATION
Fig. 18(a) shows the prototype developed in this study.
Fig. 18(b) illustrates the operational sequence of extracting
the drug from a vial and moving the upper frame to deliver
the drug into an IV bag. The equipment was designed to
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FIGURE 20. Experimental results. (a) Standard trapezoidal profile. (b) Modified trapezoidal profile.

be compatible with standard vials, IV bags, and syringes of
various capacities, as shown in Fig. 19.

The working sequence of the equipment involves five
steps: 1) place the vial and IV bag, 2) place the syringe,
3) enter the target dispensing volume, 4) extract the drug
from the vial, and 5) transfer and inject the drug. Only
steps 1–3 require user intervention, whereas the equipment
automatically executes steps 4 and 5. Since users only place
a syringe in the gripping mechanism during the initial prepa-
ration step, exposure to the drug is significantly minimized,
and needlestick accidents can be reduced, ensuring the safety
of medication compounding. User guidance messages are
displayed on the front panel (Fig. 18(b)) for each step, making
it easy to understand how to operate the equipment. This
interface is user-friendly and intuitive; therefore, a minimal
training period and cost are required.

When using this equipment to compound multiple med-
ications in a single IV bag, it is crucial to prevent mixing
the drug solutions inside the vials. Thus, users should replace

the syringe and needle with new ones each time they switch
medication vials containing a pure drug solution.

The driving stroke of the syringe plunger, which cor-
responds to the intended quantity, can be estimated from
the internal cross-sectional area of the syringe barrel and
density of the solution. Nevertheless, to enhance accuracy, the
plunger driving stroke can be calibrated.

Two variables can be used as references for calibration:
the amount of extraction from a vial and the amount injected
into an IV bag. The former refers to the vial weight
difference before and after extracting the drug solution with
a syringe, whereas the latter refers to the IV bag weight
difference before and after injecting the drug solution with
a syringe. The latter is an inaccurate measure for evaluating
the dispensing accuracy. This is due to the expansion of the
volume of the IV bag upon injection of the drug solution,
which results in an increase in the air buoyancy exerted on the
IV bag. Consequently, the weight difference of the IV bag is
smaller than the actual weight difference [32], [33], [34].
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FIGURE 21. Experimental results. (a) Before extraction. (b) After injection.

On the other hand, in the case of vials, if the opening
remains sealed with a rubber stopper and aluminum cap, there
is no change in volume before and after solution extraction;
therefore, there is no change in air buoyancy on the vial.
In other words, the change in the weight of the entire vial
exactly matches the weight of the extracted drug solution.
Therefore, in this study, the driving stroke of the syringe
plunger was calibrated by referring to the amount extracted
from a vial. The performance of the calibrated equipment was
experimentally verified (Section III-C).

B. EVALUATION OF CAVITATION OCCURRENCE UNDER
DIFFERENT SPEED PROFILES
In this section, we experimentally evaluate the occurrence
of cavitation during syringe plunger manipulation. The
experimental conditions were identical to the simulation
conditions described in Section II-E. When the plunger was
controlled using a standard trapezoidal speed profile, large
bubbles were generated inside the barrel at approximately
16 s, as predicted by the simulation (Fig. 20(a)). On the other
hand, when the plunger was controlled using the modified
profile, almost no bubbles were generated inside the barrel,
as predicted in the simulation (Fig. 20(b)).

The experimental results, confirmed that the simulation
model proposed in this study well reflects the actual physical
phenomenon of extracting a drug solution with a syringe, and
can predict the occurrence of cavitation inside the syringe.
In addition, it was verified that applying the proposed speed
profile could reduce the generation of bubbles owing to
cavitation.

C. EVALUATION OF MEDICATION DISPENSING ACCURACY
To evaluate the compounding accuracy of the developed
equipment, experiments were conducted according to the
following procedures:

TABLE 1. Experimental results of dispensing medication (50 mL syringe).

TABLE 2. Comparison of accuracy and precision between robotic and
manual compounding.

(1) Prepare a 50 mL vial, an IV bag, and a 50 mL standard
disposable syringe equipped with an 18 G needle.

(2) Inject 35 mL of room temperature water into the vial
and seal it with a rubber stopper and aluminum cap.

(3) Measure the initial weights of the prepared vial, IV bag,
and syringe, and then install them onto the developed
equipment.

(4) Using this equipment, extract 30 g of water from the
vial and inject it into the IV bag.
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FIGURE 22. Preliminary experiment to measure the plunger driving force.
(a) Experimental setup. (b) Experimental sequence.

(5) Measure the final weights of the vial, IV bag,
and syringe after the water extraction and injection
processes.

(6) Repeat the above process.
Fig. 21 shows the weight measurement results of the

6th experiment. The minimum unit of the scale used for
weight measurement (BL320H, SHIMADZU) was 0.001 g,
and its linearity was ±0.003 g. Table 1 summarizes the
results of 10 repeated experiments. When examining the
dose extracted from the vial in Table 1, the maximum error
compared to the target dosage (30 g) was 27 mg, and the
peak-to-peak error range of the extracted amount was within
±0.09% of the target quantity. This represents very high
accuracy compared with the tolerance range of medication
compounding specified in international standards (±5% [2],
[35]). The average change in syringe weight was only
61 mg, indicating that only a minimal amount of medication
remained.

When comparing the weight change of the vial (value A in
Table 1) with the sum of the weight change of the IV bag and
syringe (value B in Table 1), the latter (B) was, on average,
36 mg less than the former (A). The volume change in
the IV bag corresponded to the volume of the injected
water (approximately 30 mL). Considering the air density
(1.184 kg/m3 at 25◦C), the weight of the air displaced by
this volume change was approximately 35.5 mg. Therefore,
the observed weight difference of 36 mg can be attributed to
the volume change in the IV bag and resulting air buoyancy,
as discussed in Section III-A.

IV. DISCUSSION
The experimental results showed that the developed equip-
ment could accurately extract water from a vial according
to the prescribed dosage and inject it into an IV bag.
Additionally, the low standard deviation indicates that the
operation of the developed equipment is highly repeatable.

Several studies have compared the performance of
commercial anticancer drug compounding robots (APOTE-

CAchemo, Loccioni) and manual compounding (Table 2,
[36], [37]); in the case of robotic compounding, the mean
absolute dose error is less than 1% of the target quantity,
while the accuracy of manual compounding exceeds 1%.
Comparing the findings from the referenced studies with
the experimental results of this study, it is evident that the
developed equipment performs with comparable accuracy
to more expensive and complex robotic compounding
systems.

The developed equipment effectively minimized the resid-
ual water in the syringe during the extraction and injection
processes. As described in Section III-A, the plunger driving
stroke was calibrated based on the vial extraction weight.
However, adjusting the calibration to consider the small
residual amount in the syringe can enhance the accuracy of
matching the actual amount injected into the IV bag with the
target dispensing amount.

The time required for one cycle from extraction to injection
was approximately one minute, which may have been longer
than when a skilled pharmacist manually compounded the
drug. However, using the developed equipment, the same
work can be repeated with consistent accuracy and speed,
increasing the productivity compared to manual methods.

The kinematic viscosity ν of medication influences
cavitation conditions. Adjustment to the speed profile may
be necessary if a drug solution other than water is used.
If experimental data on various drugs are accumulated,
the developed equipment can effectively operate under the
optimized conditions for each drug.

V. CONCLUSION
In this study, we developed practical equipment to automate
syringe manipulation to enhance medication-compounding
processes. The newly developed machine was compactly
designed to be placed within a typical biological safety
cabinet workspace and was compatible with 20–50 mL
disposable syringes, various types of vials, and IV bags. The
process of drug extraction and injection is automated and only
requires syringes and needles as consumables.

The speed profile was optimized and implemented to
minimize cavitation inside the syringe during drug extrac-
tion, thereby reducing the work time and improving the
dispensing accuracy. The experimental results demonstrate
that the developed equipment achieves a high dispensing
accuracy and repeatability (error range: ±0.09%, standard
deviation: 21 mg). Additionally, residual amounts in the
syringe were minimized during the extraction and injection
processes.

Compared to commercial robotic compounding systems,
this equipment has a simpler structure and is cost-effective
while achieving performance levels comparable to those of
robotic systems. This equipment can be invaluable in sterile
compounding facilities that handle hazardous drugs, such
as anticancer medications, and can serve as an affordable
alternative to robotic systems.
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APPENDIX
We measured the force required to pull the plunger in a
preliminary experiment (Fig. 22(a)). Water was extracted
from a 50 mL vial at a plunger speed of 4 mm/s using a
standard 50 mL disposable syringe with an 18 G needle.
A tensile force sensor was installed directly on the plunger.
The results showed an average force of 50 N to pull the
plunger, with some variations observed (Fig. 22(b)).
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